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Lipscomb, Mary F M and Barbara J. Mas ten. Dendritic Cells: Immune Regulators in Health and Disease. Physiol 
Rev 82: 97-130, 2002; 10. 1 152/physrev. 00023,2001. —Dendritic cells (DCs) are bone marrow-derived cells of both 
lymphoid and myeloid stem ceU origin that populate all lymphoid organs including the thymus, spleen, and lymph nodes, 
as well as nearly all nonlymphoid tissues and organs. Although DCs are a moderately diverse set of cells, they all have 
potent antigen-presenting capacity for stimulating naive, memory, and effector T cells. DCs are members of the innate 
immune system in that they can respond to dangers in the host environment by immediately generating protective 
cytokines. Most important, immature DCs respond to danger signals in the nucroenvironment by maturing, i.e., differ- 
entiating, and acquiring the capacity to direct the development of primary immune responses appropriate to the type of 
danger perceived. The powerful aajuvant activity that DCs possess in stimulating specific CD4 and CD8 T cell responses 
has made them targets in vaccine development strategies for the prevention and treatment of infections, allograft 
reactions, allergic and autoimmune diseases, and cancer. This review addresses the origins and migration of DCs to their 
sites of activity, their basic biology as antigen-presenting cells, their roles in important human diseases and, finally, 
selected strategies being pursued to harness their potent antigen-stimulating activity. 



I. INTRODUCTION 

Dendritic cells (DCs) were first described in the mid 
1970s by Ralph Steinman, who observed in the spleen a 
subpopulation of cells with a striking dendritic shape. 
These cells were nonphagocytic, loosely adherent, and of 



low buoyant density (325-327). It was soon appreciated 
that these bone marrow-derived cells existed in all lym- 
phoid and most nonlymphoid tissues. DCs were described 
as cells that constitutively expressed both major histo- 
compatibility complex (MHC) class I and class II antigens, 
spontaneously clustered T cells via antigen-independent 



www.prv.org 



0031-9333/02 $15.00 Copyright © 2002 the American Physiological Society 



97 



98 



MARY F. LIPSCOMB AND BARBARA J. MASTEN 



mechanisms (later understood to represent the interplay 
of surface molecules on DCs that were mutually comple- 
mentary to surface molecules on T cells), and, most im- 
portantly, stimulated naive CD4 and CD8 T cells to re- 
spond to nominal and alloantigens more effectively than 
any other previously described antigen presenting cell 
(APC). 

In recent years, DCs have been increasingly studied 
for their role as critical adjuvants in vaccines for preven- 
tion of microbial infection and allograft rejection and 
treatment of cancer and autoimmune diseases. Several 
reviews on DCs and their role in immune regulation have 
appeared recently, because of the increased realization of 
their importance in immunoregulation and possibilities 
for exploiting them for biomedical purposes (Refs. 21, 22, 
134, 188 are representative). This review overviews DC 
biology, highlighting more recent literature. DC origins 
and differentiation pathways are discussed, including fac- 
tors that regulate their migration to sites where they play 
their surveillance role. How DCs link innate and adaptive 
immunity will be reviewed, with a separate section on 
how certain pathogens, to survive in the infected host, 
subvert the immunostimulating activity of DCs. The role 
DCs play in autoimmune and allergic diseases, transplan- 
tation, and cancer is described. In relevant sections, rep- 
resentative studies that have manipulated DCs for thera- 
peutic purposes are summarized, 

II. DENDRITIC CELL ORIGINS 

DCs are a heterogeneous group of cells that display 
differences in anatomic localization, cell surface pheno- 
type, and function. However, DCs have several features in 
common (22, 134). First, originating from CD34 bone 
marrow stem cells, precursor DCs are seeded via the 
bloodstream to the tissues where they give rise to imma- 
ture DCs that include Langerhans cells (LCs) and inter- 
stitial DCs (also called dermal DCs). Second, immature 
DCs have the ability to take up antigen, via both receptor- 
and non-receptor-mediated mechanisms, and readily de- 
grade antigens in endocytic vesicles to produce antigenic 
peptides capable of binding to MHC class II. Third, in 
response to danger signals, i.e., tissue damage, pathogen- 
derived products, or inflammatory cytokines, DCs mature 
and migrate to lymphoid organs where they interact with 
antigen-specific CD4 T cells to initiate immune responses 
(83, 169, 183, 205, 257, 362, 366). Fourth, distinct chemo- 
kine receptors occur on immature DCs, compared with 
mature DCs, which regulate their traffic into tissue sites in 
response to inflammatory chemokines (71, 143, 283, 396). 
Fifth, as DCs mature, they express a high density of MHC 
class II molecules complexed with antigen for recognition 
by the T cell receptor (TCR) expressed on CD4 T cells and 
costimulatory molecules to stimulate CD4 T cell prolifer- 



ation. Finally, other factors in the microenvironment at 
the time of DC maturation have been shown to dictate 
whether DCs will produce IL-12 and initiate Thl re- 
sponses or have their IL-12-producing capacity sup- 
pressed and initiate Th2 responses (366). 

DCs generally have a low buoyant density and are 
initially adherent to plastic but then readily detach (227, 
329). Early methods of DC isolation used enzyme-digested 
tissue and exploited these attributes to obtain enriched 
populations of DCs from murine tissue. Selection of low- 
buoyant-density cells enriches for mononuclear cells, and 
the adherence step helps eliminate T cells and B cells 
from the preparation. Further enrichment of DCs utilizes 
various combinations of additional negative and positive 
selection steps. One negative selection step is based on 
phagocytosis of silica particles, latex beads, or carbonyl 
iron particles to remove avidly phagocytic macrophages 
from preparations. Other negative selection steps elimi- 
nate contaminating B cells, T cells, and NK cells from the 
preparation by a combination of immunophenotyping and 
cell sorting. Positive selection steps use various combina- 
tions of monoclonal antibodies to isolate cells expressing 
important DC cell surface markers, typically MHC class II 
and CDllc. With the use of multiple enrichment steps, 
pure populations of tissue-derived DCs have been ob- 
tained. 

DCs can also be propagated from bone marrow and 
blood using various combinations of growth factors, such 
as granulocyte macrophage-colony stimulating factor 
(GM-CSF), tumor necrosis factor-a (TNF-a), interleukin 
(IL)-4, stem cell factor (SCF), transforming growth fac- 
tor-]3 (TGF-/3), IL-3, and Flt3 ligand (Flt3L) (47, 151, 221, 
264, 279, 283, 332, 392). GM-CSF in combination with IL-4 
or TNF-a and other cytokines provides important growth 
factors for interstitial DCs and LCs. In addition, LCs also 
require TGF-j3 for their differentiation (35, 332). IL-3 is a 
cytokine required by plasmacytoid DCs, a noninterstitial, 
non-LC DC subtype, that express CD 123 (IL-3 Ra) and are 
found in lymphoid tissue (127). Flt3L has been used to 
stimulate the proliferation of stem cells and progenitor 
cells in vitro and expand and mobilize all DCs and their 
progenitors in vivo (221, 222, 262, 264). 

A. Murine DCs 

Murine DCs have been classified into two main lin- 
eages: myeloid DCs as originally described by Steinman 
and Cohn (327) and lymphoid DCs described by Suss and 
Shortman (339). However, researchers now recognize 
that enrichment steps led to selective loss of DC subpopu- 
lations and that murine DCs are not readily separated into 
these two distinct lineages. A current method to obtain 
DCs that avoids depletion of DC subpopulations involves 
mild collagenase digestion; breaking DC-T cell complexes 



Physiol Rev • vol 82 • January 2002 • www.prv.org 



DENDRITIC CELLS 



99 



with EDTA; selecting low-density cells; depleting T cells 
(CD3+ orThyl+), B cells (B220+), granulocytes (Grl+), 
and erythroid lineage cells (TER-119+) by immunomag- 
netic bead depletion; and finally positive sorting for cells 
expressing CD 11c and MHC class II (226, 368). DCs can be 
further segregated into subtypes based on expression of 
CD4 and the CD8a chain homodimer (CD8aa), markers 
originally thought to be confined mainly to T cells (226, 
368). Two important problems in subtyping DCs based on 
expression of CD4 and CD8aa are autofluorescence and 
adsorption of CD4, CD8aj3, and Thy-1 surface antigens 
from other cells (368). Other difficulties that further con- 
fuse the subtyping of DCs are the different stages of 
maturation that DCs exhibit in situ, i.e., bone marrow 
progenitors, precursor DCs in blood and lymphatics, im- 
mature DCs in tissue, and mature DCs within secondary 
lymphoid organs. Thus, in evaluating the literature on DC 
subtypes, the procedure used for isolation, the controls 
used to minimize immunofluorescent staining artifacts, 
the authenticity of surface CD4 and CD8aa markers, and 
the developmental state of the DC must all be considered. 

Over the past few years, numerous reports detailing 
different isolation procedures and dealing with the phe- 
notype, localization, and function of murine CD8a+ and 
CD8a- DCs have been published, contributing to our 
understanding of DC biology (125, 170, 178, 179, 195, 219, 
251, 263, 264, 269, 280, 305, 339, 368, 378, 381, 382). At least 
five major populations of DCs have been described in the 
central and peripheral lymphoid organs of mice (see Table 1). 
In murine spleen, three DCs subtypes are delineated, namely, 
CD4-8a+DEC205+CDllb- CD4+8a-DEC205-CDllb+, 
and CD4-8a-DEC205-CDllb+ (170, 305, 368, 381). In 
lymph nodes, these three subtypes are present together with 
a fourth population, CD4-8a(lo)DEC205+ with various 
levels of CDllb- (11, 305). The mouse thymus appears to 



contain two DC types, one that overlaps with a lymph 
node subtype and one that may be unique, CD4-CD8a-/ 
loDEC205-fCDllb- and CD4-CD8a-DEC205+CDllb-, 
respectively. Based on phenotype and maturation kinet- 
ics, CD4-bearing DC depletion studies, bromodeoxyuri- 
dine (BrdU) labeling kinetics, and bone marrow reconsti- 
tution studies, the three spleen DC subtypes appear to be 
products of three independent developmental streams, 
not different states of maturation. All three subtypes were 
classed as mature, because they expressed CD80, CD86, 
and CD40 and efficiently activated allogeneic T cells 
(368). However, further maturation was induced in all 
these subtypes by bacterial stimuli (170). Contradictory to 
conventional views about DC maturation was that these 
three DC subtypes phagocytosed particulate material in 
vivo and upon maturation retained phagocytic capacity. 
Upon maturation, no DC subtype converted to the other, 
and continuous elimination of CD4-bearing DCs by anti- 
body depletion had no effect on numbers of the other two 
DC subtypes. BrdU labeling experiments indicated all 
three DCs subtypes had a rapid turnover in the spleen, 
with the CD4-CD8a+ DCs showing the fastest turnover 
and with none being the precursor of the other. Immuno- 
fluorescent staining of spleen sections showed that the 
two CD8a- populations, i.e., CD4+8a- and CD4-8a- 
DCs, were in the marginal zones of the spleen, with only 
CD4-8a+ DCs concentrated in T cell areas. However, in 
response to microbial stimuli such as lipoplysaccharide 
(LPS), CD8a- DCs rapidly migrated to T cell areas (82). 
Not delineated in this microbial stimuli study were the 
migratory responses of CD4+ and CD4- subsets of the 
CD8a~ DC population. Functionally CD8a+ and CD8a- 
appeared distinct with CD8a+ DCs producing much 
higher levels of IL-12 than the CD8a- DCs in vitro (179, 
218, 265). Whether this distinction holds true in vivo when 



table 1. Murine DC subsets in the spleen, lymph nodes, and thymus 



Dendritic Cell Subsets 



CD4+8a- CD4-8«+ CD4-8a+ CD4-8a-/low CD4-8a + 



Phenotype . 












CDllc 




+ 


+ 


+ 


+ 


CDllb 






+ 






CD80 


+ 


+ 


+ 




+ 


CD86 


+ 


+ 


+ 


+ 


+ 


CD40 


Low 


Low 


Low 


+ 




MHC class II 


+ 




+ 


+ 




DEC205 


-/Low 




-/Low 


+ 


+ 


F4/80 


+ 




+ 






Function 












Phagocytic ability 


Yes 


Yes 


Yes 






Primes CD47CD8 T cells 


Yes 


Yes 


Yes 




Thymus 


Tissue 


Spleen 


Spleen 


Spleen 


Thymus 




Lymph nodes 


Lymph nodes 


Lymph nodes 


Lymph nodes 




Localization 


Marginal zones of 


T cell areas of 


Marginal zones of 


T cell areas of lymph 


Thymic 




spleen 


lymphoid tissue 


spleen 


nodes 





DC, dendritic cell; MHC, major histocompatibility complex. Synthesis from Refs. 74, 84, 170, 179, 180, 218, 221, 226, 263, 291, 305, 368, 381. 
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the two CD8a+ and the one CD8a- subsets are evaluated 
as three subsets, i.e., CD4+8a-, CD4-8c*+, and CD4- 
8a-, must be determined. 

The question remains whether the subsets of DCs 
have a common progenitor. Because CD8a+ DCs lack the 
myeloid marker CD lib, they were originally thought to 
arise from a lymphoid-committed progenitor and were 
generated at low frequencies from thymic T cell progen- 
itors (13). In contrast, CD8a- DCs, which may be either 
CD4+ and CD4-, generally express CDllb, were consid- 
ered myeloid related, and could be derived from myeloid 
progenitors (150). Additional arguments were made that 
the CD8a marker on DCs reflected an origin from a pre- 
cursor different from the CD8a- populations, because 
CD8a+ DCs have distinct cytokine requirements for their 
in vitro generation and utilize different transcription fac- 
tors (293, 380). For example, thymic CD8a- DCs precur- 
sors require GM-CSF for differentiation in culture. In 
contrast, CD8a+ DCs precursors require IL-3, but not 
GM-CSF, to differentiate (293). The absence of CD8a- 
and the presence of CD8a + DCs in RelB and PU.l knock- 
out mice suggest relB and PU.l play a role in the devel- 
opment of CD8a- DCs (129, 380). A recent study as- 
sessed the ontogeny of CD8a+ and CD8a- DCs. Traver 
et al. (357) showed by transfer of marked, lineage-re- 
stricted progenitors that both CD8a+ and CD8a- DCs 
arise from common myeloid and lymphoid progenitors in 
both murine thymus and spleen. In addition, RelB and 
PU.l were expressed in both CD8a+ and CD8a- DCs. 
Clearly, DCs can be derived from either myeloid or lym- 
phoid precursors. However, the study by Traver et al. 
(357) indicates that CD8a on DCs does not indicate a 
lymphoid origin but rather may reflect the maturation or 
differentiation status and once, defined may predict the 
function of the DC. 



B. Human DCs 

In humans, DCs are also found as precursor popula- 
tions in bone marrow and blood and as more mature 
forms in lymphoid and nonlymphoid tissues. Three dis- 
tinct subtypes of human DCs have been delineated based 
on studies of skin DCs (57), DCs generated in vitro from 
CD34+ hematopoietic progenitors (51), and blood DC 
precursors (see Fig. 1) (279). Human skin contains two of 
the three DC subtypes in immature form: LCs and inter- 
stitial DCs. Both subtypes emerge in cultures from 
CD34+ bone marrow and CDllc+ blood precursors in 
the presence of GM-CSF and either IL-4 or TNF-a (48, 279, 
283). The CDllc+ DC precursor expresses myeloid mark- 
ers, including CD13 and CD33. Upon activation by CD40L, 
immature myeloid DCs undergo maturation and produce 
IL-12 (56). A distinction from interstitial DCs is that LCs 
also require TGF-/3 (154) and arise from either a 



CD11C + CD14+ monocyte or a CDllc+CD14- precur- 
sor, whereas interstitial DCs arise from a CD 11c + CD 14 + 
precursor that can also differentiate into macrophages in 
the presence of only M-CSF (48, 279, 283, 393). The dem- 
onstration that LCs can arise from CDllc + CD14+ mono- 
cyte is controversial and may ultimately reflect the plas- 
ticity of DCs. LCs and interstitial DCs subtypes share 
several markers, but LCs uniquely express CD la, Birbeck 
granules, langerin, and the adhesion molecule E-cadherin, 
In contrast, interstitial DCs uniquely express the coagula- 
tion factor XHIa. LCs and interstitial DCs also share the 
capacity to activate both CD4 and CD8 naive T cells and 
secrete IL-12. One striking difference between LCs and 
interstitial DCs is the ability of interstitial DCs, but not 
LCs, to induce the differentiation of naive B cells into 
immunoglobulin-secreting plasma cells (49, 92). 

Plasmacytoid DCs are a third type of DC and are so 
named because at the ultrastructural level they resemble 
Ig-secreting plasma cells. These DCs are found in the T 
cell zones of lymphoid organs and in the thymus and 
blood and were previously described as plasmacytoid T 
cells or plasmacytoid monocytes (98, 127, 249, 272, 314, 
333). Plasmacytoid DCs are characterized by a unique 
phenotype, CDllc-CD4+CD123+CD45RA+HLA-DR+, and 
possess the unique ability to secrete large amounts of 
interferon (IFN)-a/B upon viral stimulation (54, 127, 174, 
307). In this context, precursor plasmacytoid DCs in 
blood correspond to natural IFN-a-producing cells, sug- 
gesting an important role during viral infections (33, 292). 
Precursor plasmacytoid DCs in blood express CD62L and 
the chemokine receptor CXCR3, which mediate homing 
and migration of these cells into the lymph node via high 
endothelial venules (HEVs) in response to inflammatory 
chemokines (54). Unlike LCs and interstitial DCs, plasma- 
cytoid DCs require IL-3 for their differentiation and are 
derived from a CD 11c- blood precursor that has low ex- 
pression of GM-CSF receptor, lacks the myeloid markers 
CD14, CD13, and CD33, lacks mannose receptors, and 
expresses high amounts of CD123 (127, 174). Plasmacy- 
toid DCs share a common function with LCs and intersti- 
tial DCs in having the capacity to activate CD4 and CD8 
naive T cells and secrete IL-12 upon CD40L activation (53, 
174). Several lines of evidence suggest that plasmacytoid 
DCs originate from a lymphoid precursor. First, precursor 
plasmacytoid DCs lack expression of myeloid antigens 
(127). Second, precursor plasmacytoid DCs express pre- 
TCR-a transcripts (42, 272). Third, ectopic expression of 
inhibitor of DNA binding (Id)2 and Id3 inhibits the devel- 
opment of CD34+ progenitor cells into CD 123+ precur- 
sor plasmacytoid DCs, T and B cells, but not myeloid DCs 
(320). Finally, precursor plasmacytoid DCs express the 
immunoglobulin-like transcript receptor (ILT)3, in con- 
trast to myeloid DCs that express both ILT3 and ILT1. 

Murine DCs have been widely employed by research- 
ers investigating the roles of DCs in the generation and 
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fig. 1. Schema for derivation of human dendritic cell (DC) subsets from CD34+ myeloid and lymphoid progenitors. 
In humans, DCs are found as precursor populations in bone marrow and blood and as more mature forms in lymphoid 
and nonlymphoid tissues (top). Both myeloid and lymphoid lineage DCs can be propagated from bone marrow 
progenitors and blood precursors using various combinations of growth factors, such as granulocyte macrophage-colony 
stimulating factor (GM-CSF), tumor necrosis factor-a (TNF-o), interleukin (IL)-4, transforming growth factor-/3 (TGF-/3), 
and IL-3. Interstitial DCs and Langerhans DCs subsets (middle) are found at sites that interface with the external 
environment, Plasmacytoid DCs are found in the T cell zones of lymphoid organs and in the thymus and blood. Shown 
below each DC subset are phenotype and functional characteristics defining that DC subset. See text for additional 
details. MHC, major histocompatibility complex; IFN, interferon. 



regulation of specific immunity. Although it is clear that 
differences exist between murine and human DC, it is 
evident that murine DCs are relevant to human DCs and 
provide an appropriate model for human cells in most 
cases. Like human DCs, murine DCs i) originate from 
CD34+ bone marrow stem cells, 2) are found in blood 
and tissues, 3) are able to take up and degrade antigen to 
antigenic peptides, 4) express MHC class II molecules 
complexed with antigenic peptide, 5) express costimula- 
tory molecules, 6) mature and migrate in response to 
danger signals, and 7) are responsive to the microenvi- 
ronment with a controlled release of chemokines and 
cytokines. Data from murine DC studies should be inter- 



preted with caution in cases where clear discrepancies 
exist between murine and human subtype counterparts. 

III. DIFFERENTIATION AND TRAFFICKING 
PATHWAYS 

DCs are migratory cells that traffic from one site to 
the next, performing specific functions at each site (273, 
284, 287, 396). Bone marrow-derived DCs circulate as 
precursors in blood before entering tissue where they 
become resident immature DCs that monitor their envi- 
ronment (Fig. 2). Interstitial DCs and LCs are found at 



Physiol Rev • vol 82 • January 2002 • www.prv.org 



102 



MARY R UPSCOMB AND BARBARA J. MASTEN 



Bone Marrow 
and 

Peripheral Blood Tissue 



Tissue Associated 
Lymph Nodes 




Type 1 DC 
(IL-12) 



DC:CD4 Th cell 



cAMPI agents 



Type 2 DC 
(no IL-12) 



pDC 



iDC 



mDC 



Antigen Uptake 
Antigen Processing 
M HC Class II 
Costimulatory Molecules 
Secreted Chemokines 



Chemokine Receptors 



+++ 
+ 
+ 

Inflammatory chemokines 
(MIP- la, MIP- 1 P. R ANTES, 
MCP-1, MCP-2, MCP-4, IL-8) 

CCR1.CCR2.CCR5, 
CCR6CLC only), CXCR1 



+ 
+ 



Lymphoid chemokines 
(ELC, MDC, TARC, 
PARC IP- 10) 

CCR4, CCR7, CXCR4 



fig. 2. The migratory and maturation 
pathways of DCs. DCs are migratory cells 
that traffic from one site to the next, acquir- 
ing specific abilities at each site and per- 
forming specific functions in a stepwise 
fashion. See text for additional details. 
pDC, precursor DC; iDC, immature DC; 
mDC f mature DC. 



sites that interface with the external environment, i.e., 
mucosal surfaces and in the skin. In peripherial tissues, 
immature DCs have the ability to migrate toward inflam- 
matory foci where they take up and process available 
antigens and then emigrate through the lymphatics to drain- 
ing lymph nodes. There they home to T cell-rich areas and 
interact with T cells to initiate an immune response. It has 
been proposed that the origin of lymphatic-borne DCs 
may be blood monocytes (242, 268). Using an in vitro model 
of transendothelial trafficking, Randolph et al. (268) ob- 
served that monocytes matured into DCs as they migrated 
across endothelium from the abluminal to the luminal 
surface in a manner mimicking entry into the afferent 
lymphatics. Monocytes that remained in the subendothe- 
lial matrix became macrophages and lost migratory capa- 
bility. In contrast, plasmacytoid DCs are thought to mi- 
grate directly from the blood to lymphoid tissue (22, 54). 

The extravasation of DCs from the blood to periph- 
eral tissue and the movement from peripherial tissue into 
lymphoid tissue requires chemoattractants called chemo- 
kines. Chemokines are peptide activators of G protein- 
coupled receptors expressed on leukocytes that regulate 
recruitment of inflammatory cells (182, 235, 278). Chemo- 
kines are differentially produced at peripheral tissue sites 
by endothelial cells, epithelial cells, and leukocytes in 
response to diverse inflammatory stimuli. Chemokines 
are also constitutively produced by endothelial cells or 
stromal cells and leukocytes within secondary lymphoid 
organs to regulate encounters between DC, T cells, and B 
cells (20, 70). The anatomic location of inflammatory 
chemokines within peripheral tissue and constitutive che- 
mokines within lymphoid tissue regulates the migration 
of DCs initially to sites of antigen and ultimately to lym- 
phoid tissue to initiate an immune response. 



The ability of DCs to respond to inflammatory and 
lymphoid chemokine gradients is presumably linked to 
their maturation state, because as DCs mature they lose 
responsiveness to inflammatory chemokines and gain re- 
sponsiveness to lymphoid chemokines. Both human 
monocytes and monocyte-derived immature DCs and mu- 
rine CD34+-derived immature DCs express both CC and 
CXC chemokine receptors (CCR and CXCR), such as 
CCR1, CCR2, CCR5, and CXCR1, and respond to inflam- 
matory chemokines such as macrophage inflammatory 
protein-la (MlP-la), monocyte chemotactic protein-1 
(MCP-1), and regulated on activation normal T cell ex- 
pressed and secreted (RANTES) chemokine (87, 289, 315, 
318, 319, 364). In addition, monocytes and immature DCs 
express chemoattractant receptors for cleavage products 
of bacterial proteins such as formyl-methionyl-leucyl-phe- 
nylalanine (fMLP), products of host complement activa- 
tion, such as C5a, and lipid metabolites, such as platelet 
activating factor (PAF) (9, 239, 317, 319, 385). As imma- 
ture DCs migrate toward increasing concentrations of 
inflammatory chemokines, they are also exposed to in- 
creasing concentrations of proinflammatory cytokines, 
such as TNF-a and ILrl and the pathogen products initi- 
ating the inflammatory response. In response to these 
danger signals, DCs mature, and in doing so switch the 
usage and expression of chemokine receptors from in- 
flammatory to lymphoid homing receptors. The loss of 
inflammatory chemokine receptors is at least partly reg- 
ulated by ligand-induced downregulation by autocrine se- 
cretion of MlP-la, MIP-1/3, and RANTES by maturing DCs 
(288). Maturing DCs downregulate the expression of 
CCR1, CCR5, and CXCR1 and upregulate the expression 
of CXCR4, CCR4, and, in particular, CCR7, a chemokine 
receptor that responds to secondary lymphoid tissue che- 
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mokine (SLC) and Epstein-Barr virus-induced ligand che- 
mokine (ELC). SLC is produced by lymphatic endothelial 
cells, and both SLC and ELC are produced by stromal 
cells and DCs in the T cell areas of lymphoid organs (85, 
87, 108, 130, 198, 247, 315, 364, 388). The anatomic distri- 
bution of SLC and ELC secretion coordinately attracts 
DCs first from peripheral tissue to afferent lymphatics and 
then to T cell areas in lymphoid tissue. CCR7 is also 
selectively expressed on naive T and B lymphocytes, al- 
lowing these cell types to also home to lymphoid tissue 
(45). CCR7 is a unique chemokine receptor, because it is 
resistant to ligand-induced downregulation (288). Sus- 
tained expression of CCR7 may allow DCs to perform 
their stepwise migration from tissue to afferent lymphat- 
ics to the lymphoid organ. The essential role of CCR7 in 
DC homing to lymphoid organs is supported by the ob- 
servation that in CCR7-deficient mice, maturing DCs are 
not able to migrate to lymph nodes (107). 

Upon maturation, bacterial and complement recep- 
tors on DCs are also differentially regulated. Maturing 
DCs downregulate their responsiveness to and receptor 
expression for fMLP, while maintaining their responsive- 
ness to and receptor expression of C5a (385). Yang et al. 
(385) proposed that the interaction of C5a with C5aR on 
mature DCs may participate in guiding mature DCs to B 
cell follicles in lymphoid tissue where naive B cells, a 
source of C5a, acquire antigens delivered by mature DCs. 

LCs are unique in that they express CCR6 in addition 
to other chemokine receptors expressed by immature 
DCs (85, 86, 316). CCR6 is a chemokine receptor that 
responds to MIP-3a produced constitutively by epithelial 
cells in human liver and lung, induced in the crypts of 
inflamed tonsils and appendix in humans, and produced 
in noninflamed follicle-associated epithelium of murine 
Peyer's patches (63, 86, 155). MIP-3e* and CCR6 represent 
a chemokine/receptor pair that has dual function in re- 
cruiting DCs. Not only does this pair recruit immature 
DCs to mucosal and nonmucosal sites of inflammation, 
but also recruits immature DCs to become sentinels in 
noninflamed tissues. As LCs mature, CCR6 is downregu- 
lated with a concomitant upregulation of CCR7 and hom- 
ing to T cell areas of lymphoid tissue. 

During the course of an inflammatory reaction, DCs 
produce inflammatory and lymphoid chemokines in a spe- 
cific spatial and time-ordered manner (108, 284, 287). 
Immature DCs constitutively produce MCP-4 that binds to 
both CCR2 expressed on immature DCs and to CCR3, a 
potential marker for a subset of Th2 cells (286). In re- 
sponse to maturation stimuli, the production of MCP-4 by 
DCs is rapidly downregulated, and the inflammatory che- 
mokines, MIP-la, MIP-1J3, and ILr8 are transiently induced 
for a few hours. Other inflammatory chemokines such as 
RANTES, MCP-1, and MCP-2 are also induced, but for a 
longer period of time. The inflammatory chemokines pro- 
duced by maturing DCs function in both autocrine and 



paracrine modes to regulate DC trafficking. In an auto- 
crine mode, they initially stimulate, then downregulate, 
cognate receptors allowing the DC to respond to other 
chemoattractants. In a paracrine mode, DCs sustain the 
inflammatory process by recruiting monocytes, immature 
DCs, and other inflammatory cells to the site of antigen. 
At later time points, when mature DCs reach T cell areas 
of lymphoid tissue, they produce high levels of lymphoid 
chemokines such as ELC, macrophage-derived chemo- 
kine (MDC), thymus and activation-regulated chemokine 
(TARC), pulmonary and activation-regulated chemokine 
(PARC), and IFN-^inducible protein (IP-10) (247, 288, 
346), The production of lymphoid chemokines by mature 
DCs in lymphoid tissue recruits T cells, augmenting the 
chances of DC-T cell contact. As previously discussed, 
ELC binds CCR7 expressed on naive T and B cells and 
mature DCs. MDC and TARC bind CCR4, a receptor ex- 
pressed on recently activated T cells, but not on naive T 
cells (73, 282). PARC binds to an unidentified receptor 
expressed on naive T cells (3). IP-10 is a chemoattractant 
that mediates the migration of plasmacytoid DCs directly 
from blood to the inflamed lymphoid tissue. Plasmacytoid 
DCs express the IP-10 ligand CXCR3 that can also bind to 
monokine induced by IFN-y (Mig) produced by mature DCs. 

Consolidating what we know about the unique migra- 
tory patterns of myeloid and plasmacytoid DCs and their 
patterns of IL-12 production, Patterson (255) has pro- 
posed a model delineating the contributions of myeloid 
and plasmacytoid DCs to the generation and regulation of 
an immune response to a viral infection. Myeloid precur- 
sor DCs leave the blood and home to various tissues in 
response to chemoattractant gradients. Immature my- 
eloid DCs are located at sites where most pathogens enter 
the body. Upon exposure to virus, immature myeloid DCs 
bind and internalize virus and subsequently release in- 
flammatory cytokines and chemokines that initiate the 
recruitment of more immature myeloid DCs and other 
leukocytes to the site of infection. Maturing DCs carrying 
antigen migrate via afferent lymphatics to T cell areas of 
draining lymph nodes, where they interact with and stim- 
ulate pathogen-specific T cells. Myeloid DCs initially re- 
lease IL-12 and drive the generation of effector cells with 
a Thl phenotype. However, within 24 h, production of IL-12 
ceases and IL-4-secreting T cells are generated to dampen 
the Thl response (53). Coordinately, a switch away from 
the generation of effectors to unpolarized memory T cells 
occurs. Myeloid DCs in lymph nodes produce chemokines 
that recruit T cells, B cells, more myeloid DCs, and plasma- 
cytoid DCs. In response to IP-10 and Mig, plasmacytoid 
DCs leave the blood and enter inflamed lymph nodes 
through HEV. The expression of CD62L on plasmacytoid 
DCs allows them to migrate via HEVs (186). In lymph 
nodes, plasmacytoid DCs are stimulated via the expres- 
sion of CD40L on recently activated T cells to mature and 
secrete IL-12 and maintain production of IFN-a (53). The 
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production of IFN-a by plasmacytoid DCs prolongs the 
Thl-stimulating phase of myeloid DCs. The unique migra- 
tory properties and controlled temporal release of IL-12 
by myeloid and plasmacytoid DCs provides the genera- 
tion of the right kind of T helper cell at the right time. 

IV. DENDRITIC CELL T CELL INTERACTIONS 

During the development of an adaptive immune re- 
sponse, the phenotype and function of DCs play an impor- 
tant role in initiating tolerance, memory, and polarized Thl 
and Th2 differentiation. As discussed, DC subsets have been 
proposed as playing differing roles in defining the outcome 
of an immune response, although clearly some plasticity 
within defined subsets is possible so that each subset can 
exert tolerizing and polarizing influences on responding T 
cells (255). Important factors other than signals delivered by 
DCs that drive primary immune responses are concentration 
of antigen in the microenvironment, concentration of cyto- 
kines and other soluble factors present in the fluid phase in 
the vicinity of the APC-T cell interface and, of course, the 
genetics of the host that may limit how the interacting cells 
may respond. For example, studies in which APCs are re- 
placed by molecular complexes on plastic or lipid substrates 
have demonstrated that T cells can be polarized by adding 
cytokines to the culture systems. Still, delivery of the rele- 
vant signals by DCs at the DC-T cell interface is likely the 
most efficient and physiologically relevant mechanism for 
initiating an immune response. 

CD4 and CD8 T cells respond to peptide antigen dis- 
played on MHC class II and MHC class I molecules, respec- 
tively (referred to as signal i, see Fig. 3). Accessory mole- 
cules on DCs are required to ensure that T cells will divide 
and differentiate into effector cells (signal 2, Fig. 3). In the 
absence of sufficient costimulation, T cells exhibit anergy or 
undergo apoptosis. Secretion or lack of secretion of factors 
by DCs, particularly IL-12, are instrumental in the final 
differentiation of T cells into type I or type 2 effector T 
cells, respectively (signal 3, Fig. 3). The model illustrated 
in Figure 3 is the simplest one to explain the development 
of a productive immune response by CD4 T cells, but the 
list of membrane and secreted molecules that play roles in 
regulating the interaction of DCs and T cells is growing. 

A. Antigen Uptake 

Initially, DCs were described as both nonphagocytic 
and nonendocytic. Macrophages are avidly phagocytic, but 
the antigens taken up are rapidly degraded, unless the ma- 
terial that is endocytosed is inert or is a microorganism with 
the ability to prevent phagosomal-lysosomal fusion and/or 
enzymatic degradation. Thus the absence of macrophage 
phagocytic mechanisms was troublesome for explaining the 
ability of DCs to take up and present peptides from complex 
antigens. We now know that immature DCs are avidity en- 
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fig. 3. Model for DC-CD4+ T cell interaction. DCs provide three 
signals to antigen-specific CD4+ T cells to initiate T cell proliferation 
and differentiation. DCs take up antigen and readily degrade antigens to 
produce antigenic peptides capable of binding to MHC class II. DCs 
express a high density of MHC class II/peptide complexes on their cell 
surface for recognition by the T cell receptor (TCR) expressed on CD4 + 
T cells (signal 2) and costimulatory molecules (signal 2) to stimulate 
CD4+ T cell proliferation. Secretion or lack of secretion of interleu- 
kin-12 (IL-12) by DCs (signal 3) is important in the final differentiation 
of CD4+ T cells into type 1 or type 2 effector T cells, respectively. All 
accessory molecules are not included. See text for additional details. 

docytic, whereas mature DCs have downregulated this ac- 
tivity (330). DCs degrade antigens within a MHC class II-rich 
endosomal compartment (MHC) yet preserve sufficient pep- 
tide structure to be expressed on their cell surface bound to 
MHC class II molecules. DCs take up antigens by phagocy- 
tosis, utilizing membrane receptors to trigger uptake, by 
receptor-mediated pinocytosis in clatluin-coated pits and by 
fluid-phase pinocytosis. DCs can take up whole cells, includ- 
ing necrotic and apoptotic cells. They can also acquire anti- 
gens from live cells for presentation to cytolytic T cells 
(133). Receptors available to some or all DC subsets for 
antigen uptake include the FcyRs CD32 and CD64; the high- 
and low-affinity IgE receptors Fcdtf and FceRU (CD23), 
respectively; the complement receptors CDllb and CDllc; 
a C lectin type of mannan binding receptor, DEC205 
(CD205), and the scavenger receptor pair for apoptotic cells 
ag3 5 and CD36 (reviewed in Refs. 134, 191). During matura- 
tion, as endocytosis decreases, these receptors are usually 
downregulated. More recently, immature human interstitial 
DCs were shown to express the FcaR CD89 (117). 

B. Antigen Processing 

1. MHC class II presentation 

Antigen processing by DCs occurs primarily through 
two major pathways: an exogenous or endosomal path- 
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way and an endogenous or proteosomal pathway (Fig. 4). docytic pathways and acquire new antigens in the MIIC. 

Exogenous antigens gain access to early and late acidic Immature DCs accumulate MHC class II and degraded 

endosomal compartments in which proteases initiate deg- peptide in lysosomal vesicles until the DCs are activated, 

radation. The peptide. fragments then associate with pre- After DC activation, the MHC class II/peptide complexes 

formed MHC class II molecules within the MIIC. MHC accumulate in nonlysosomal vesicles that migrate to the 

class II a- and /3-peptide chains are synthesized in the cell surface. It has recently been demonstrated that mem- 

endoplasmic reticulum (ER), where they associate with bers of the B7 family of costimulatory molecules are 

invariant chain (Ii) (46). Ii protects the peptide-binding embedded in the vesicular lipid along with MHC class II 

groove of the MHC class II heterodimer from being pre- and are delivered to the cell surface in association with 

maturely filled with self-proteins. The MHC class Il/Ii the MHC class II/peptide complexes (359). 
complex is then transported from the ER through the 

Golgi from which vesicles deliver the complexes to the & MH q c i ass / presentation 
MIIC. There partial proteolytic cleavage of Ii occurs leav- 
ing a small fragment called CLIP (class II-associated in- For MHC class I to display peptide antigens to CD8 T 
variant-chain peptide) in the peptide-binding groove of cells, DCs degrade cytoplasmic proteins in proteosomes 
the MHC class II molecule (302), Another molecule, HLA- and likely with the help of cytosolic heat shock proteins 
DM in humans or H-2M in the mouse, which have a (HSPs) acting as chaperones, transport the resultant pep- 
structure similar to the MHC class II molecules, removes tides via the heterodimeric transporter associated with 
MHC class II-associated CLIP. This step allows endoso- antigen processing (TAP) into the ER (see Fig. 4, Ref. 
mal antigenic peptide to take its place (241). Finally, MHC 254). In the ER, newly synthesized MHC class la chains 
class II with the new antigenic peptide in its binding form complexes with ^-microglobulin (f$ 2 W) that then 
groove traverses the cytoplasm in exocytic vacuoles for bind the resulting peptide antigens. Within the ER, chap- 
display on the cell surface. Surface MHC class II mole- erone proteins, including calnexin, calreticulin, and HSP 
cules can be recycled from the cell surface through en- gp96, aid in peptide binding and proper folding of the 




MHC Class I Pathways MHC Class II Pathway 



fig. 4. DC antigen processing. The major MHC class I pathways are depicted on the left, 7) Antigen is taken up by 
phagocytosis and receptor-mediated endocytosis, undergoes limited proteolysis, and by active transport enters the 
cytosol. The cytosolic antigens are further degraded via the proteosomal pathway, enter the endoplasmic reticulum (ER) 
utilizing TAP, and are bound to newly synthesized MHC class 1 molecules. MHC class I/peptide is subsequently carried 
by vesicular transport to the cell surface. 2) Endogenous proteins are similarly degraded via the proteosomal pathway, 
enter the ER utilizing TAP, are bound to MHC class I, and by vesicular transport reach the cell surface. The major MHC 
class II pathway is shown on the right. Antigen is taken up by phagocytosis, receptor-mediated endocytosis, and fluid- 
phase pinocytosis through the early and late endosomes, during which time some proteolysis occurs. The peptides enter 
the MHC class 11-rich vesicular compartment (MIIC) where they are bound in the MHC class n peptide-binding groove 
and are then transported to the cell surface. MHC class II is synthesized in the ER where invariant chain (Ii) protects the 
groove from premature binding of self-peptides. Ii is further degraded into a smaller peptide (called CLIP and shown as 
a fragment in one of the three MHC moleculer in MIIC) to ready itself for its replacement by the antigenic peptide in 
MIIC. See text for additional details. 



Physiol Rev • vol 82 • January 2002 • www.prv.org 



106 



MARY F. LIPSCOMB AND BARBARA J. MASTEN 



MHC class r/y3 2 M complexes. Then tapsacin facilitates the 
formation of the MHC class I/j3 2 M/peptide complexes (25, 
273). Finally, MHC class I/j3 2 M/peptide complexes are 
transported in exocytic vesicles to the DC plasma mem- 
brane. 

It was originally thought that the proteosomal path- 
way processed only those proteins synthesized within 
APCs. It is now known that antigens can escape by poorly 
understood mechanisms from endocytic pathways, un- 
dergo proteosome-dependent degradation, and subse- 
quently enter the ER via the TAP pathway to be presented 
in the binding groove of MHC class I molecules as is true 
for endogenous proteins (258, 270). This process is re- 
ferred to as cross-presentation, and the resulting primary 
immune response is referred to as cross-priming (Fig. 4). 
The antigens may be particulate or soluble antigens, or 
come from dead and dying cells or from exosomes, which 
are small vesicles pinched off from the membranes of 
immature DCs and contain MHC molecules (191, 395). 
Cross-priming can lead to both productive immunity and 
tolerance of CD8 T cells. Cross-priming is the mechanism 
by which DC process neoplastic or infected self cells as 
well as engrafted allogeneic cells (191). DCs are the cells 
that are fully sufficient to perform cross-priming (184). 
Furthermore, at least in one in vivo murine study, this 
capacity seems restricted to the splenic CD8a+ popula- 
tion even though the CD8a- population was also capable 
of taking up the antigen (81). In any case, antigen uptake 
is an immature DC process and requires activation of the 
APC by costimulatory activation signals, such as cross- 
linking CD40, before cross-priming of the responder CD8 
T cells can effectively occur. It has been postulated, and 
we shall return to this, that uptake of apoptotic cells by 
DC leads to tolerance induction, whereas DC uptake of 
necrotic cells tends to activate DCs to induce cytolytic 
CD8 T cells. 

3. CD1 presentation 

DCs are also capable of presenting antigens on CD1 
molecules. CD1 molecules are a family of nonpolymor- 
phic histocompatibility antigens associated, like MHC 
class I molecules, with j3 2 M (38, 303). CD1 molecules are 
present on myeloid DCs and, indeed, CDla has frequently 
served as a marker for identifying these cells. Five CD1 
isoforms, CDla-e, have been described in humans, but 
only two CD1 homologs, CDldl and CDld2, are ex- 
pressed in the mouse and rat. The murine CDldl mole- 
cule crystal structure shows that it is constructed to bind 
very hydrophobic ligands, compatible with their present- 
ing antigenic lipids (391). CD1 molecules present lipid and 
glycolipid antigens of both endogeous and exogenous 
derivation. The role of CD Id as a restricting element for 
endogenous lipid was shown to be relevant for self-anti- 
gen recognition by natural killer (NK)1.1+ T cells in mice 



(28). These a/f$ T cells have a restricted receptor binding 
repertoire in mice comprised of a Val4-Ja28l TCR 
a-chain paired with a restricted set of ^-chains, and in 
humans comprised of Va 24-J a Q/V/311. Upon responding 
to CDl/lipid antigen complexes, NK1.1+ T cells produce 
IL-4 or IFN-7 and have been implicated in recognition of 
infectious agents, tumors, and autoantigens. NK1.1+ T 
cells may express CD4 molecules or lack both CD4 and 
CD8 (28), and their cytokine production may be regulated 
by signal 3, i.e., IL-12 released by the CD1+ DCs (387). A 
second T cell subset restricted by CD Id on APCs has also 
been identified that does not express NK1.1. This T cell 
subset has a limited TCR repertoire and, like NK1.1+ T 
cells, can release either IL-4 or IFN-y or express cytotox- 
icity (60, 370). Less is known about the TCR repertoire 
and its restriction to CDla-c associated lipids in humans, 
but it is clear T cells can be restricted by these molecules, 
demonstrate limited diversity, and may bear either the a//3 
or y/S TCR (303). 

Antigen processing and presentation by CD1 is dif- 
ferent from that described above for MHC class I and II. 
CD1 molecules are synthesized in the ER and are ex- 
pressed on the plasma membrane following traffic to the 
surface via vesicular transport. CD1 molecules are subse- 
quently incorporated into endosomes and become asso- 
ciated with lipid ligands and recycle to the plasma mem- 
brane. Different CD1 homologs may associate with 
antigens in distinct endosomal compartments (337). In 
human myeloid DCs, CD lb binds to lipids that have been 
degraded in the deep endosomal compartments, whereas 
CDla and CDlc associate with their corresponding lipid 
antigens in the recycling vesicular compartments of the 
early endocytic system. The purpose for the maintainance 
of these nonpolymorphic restricting elements during evo- 
lution may be to allow surveillance of normal intracellular 
lipid pathways, rather than for the development of pro- 
tective immunity (303). However, it has been speculated 
that some microbes, such as Mycobacterium, tuberculo- 
sis, developed the capacity to usurp CD1 molecules for 
their own purposes by having mycobacterial lipids pre- 
sented to responder T cells to generate a granulomatous 
and necrotizing inflammatory response in the host. This 
process may allow the microbe to avoid complete eradi- 
cation until it can be transmitted to the next host. 

C. Costimulation 

i. B7 family 

Costimulation is required to initiate productive im- 
mune responses by T cells. The first and most important 
costimulatory molecules characterized were CD28 on na- 
ive T cells and the corresponding ligands, CD80 (B7-1) 
and CD86 (B7-2), which are upregulated on maturing 
APCs (69, 297). CD80 and CD86 molecules were the first 
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described members of what is now known to be as a 
larger B7 subfamily; members of this subfamily belong to 
the immunoglobulin superfamily of proteins (see Table 2). 
CTLA-4 was later identified with strong homology to CD28 
and is upregulated on activated T cells, binds with a 
higher affinity to CD80 and CD86 than CD28, and down- 
regulates the immune response (369). 

A third B7 family member is B7RP-1. B7RP-1 is ex- 
pressed predominantly on B cells but is also found on 
macrophages, DCs, and nonlymphoid tissue cells and is 
the ligand for the inducible immune costimulator (ICOS) 
protein (175, 341, 389). ICOS is structurally related to 
CD28 and, like CTLA4, is upregulated on activated T cells 
(147). ICOS knockout mice demonstrate severely defi- 
cient T cell-dependent Th cell responses in which both the 
Th2-dependent antibody isotype IgGl and the Thl-depen- 
dent antibody isotype IgG2a are decreased in the serum 
(88, 232, 343). Immune responses in ICOS knockout mice 
were characterized as defective with an absence of ger- 
minal center formation, a marked impairment of T cell 
IL-4 secretion, and IgE isotype switching. However, ICOS 
knockout . mice were able to mount a Thl cellular re- 
sponse, as noted by antigen-induced T cell IFN-7 secre- 
tion in response to immunization. The impaired T cell- 
dependent B cell responses suggest that after initial DC-T 
cell interactions in the paracortex of secondary lymphoid 
tissue, an important ICOS-dependent T cell-B cell interac- 
tion occurs that may finalize T cell subset differentiation. 
Importantly, in one study, addition of CD40 to upregulate 
CD40L largely repaired the ICOS knockout defect, sug- 
gesting the role of ICOS interacting with its ligand B7RP-1 
on APCs is to facilitate the downstream CD40L-CD40 

table 2. Costimulation molecules for DC-T cell signals 



DC 



T Cell 



B7 family and receptors 

B74 (CD80) CD28, CTLA-4 (CD152) 

B7-2 (CD86) CD28, CTLA-4 (CD 152) 

B7RP-1 ICOS 

PD-L1 (B7-H1) PD-1 

PD-L2 PD-1 

B7-II3 Not known 

TNF family ligand and receptors 



CD40 

OX40L 

4-1BBL 

TRANCE (RANK) 
CD27 

CD30L (CD153) 



ICAM-1 (CD54) 
DC-SIGN (CD209) 
SLAM* (CD 150) 
CD58 



CD40L (CD154) 
OX40 (CD134) 
4-lBB (CD137) 
TRANCE (RANK-L) 
CD27L (CD70) 
CD30 



Miscellaneous 



LFA-1 (CDlla/CD18) 

ICAM-3 (CD50), ICAM-2 (CD 102) 

SLAM (CD 150) 

CD2 



TNF, tumor necrosis factor; I CAM, intracellular adhesion mole- 
cule. * SLAM binds to itself. 



interaction, an interaction already known to be required 
for T cell-dependent B cell responses (232). The observa- 
tion that in ICOS knockout mice experimental allergic 
encephalitis was exacerbated (88) suggested that periph- 
eral antigen presentation by nonprofessional APCs might 
be important during the effector limb of immune-medi- 
ated inflammation. This suggestion is supported by the 
observation that the ICOS ligand B7RP-1 appears on non- 
lymphoid tissues. A clear role for B7RP-1 on DCs has not 
yet been established. 

A fourth B7 family member, PD-L1 (also called B7- 
HI), is constituitively expressed on DCs and binds to the 
programmed cell death 1 (PD-1) receptor on T cells (re- 
viewed in Ref. 69). This interaction exerts an inhibitor 
function on T cell proliferation and cytokine production. 
A related B7 family member, PD-L2, plays a similar role in 
inhibition and also binds to PD-1 but seems to have a 
more important role in Th2 inflammatory states, whereas 
PD-L1 participates in Thl inflammation (69). Finally, 
B7-H3 has been recently identified and cloned (58). It is 
highly expressed on immature DCs and is downregulated 
on mature DCs, in contrast to the expression of most of 
the other B7 family molecules. Although the ligand for 
B7-H3 is unknown, it is not CD28, CTLA4, ICOS, or PD-1. 
B7-H3 plays an enhancing role in costimulation of both 
CD4 and CD8 T cells and in the induction of IFN-y pro- 
duction, another surprising function in view of its higher 
expression on immature DCs, 

2. TNF family 

The TNF family of ligands and receptors, now total- 
ing —50, are also important costimulators in DC interac- 
tions with T cells (Table 2). Particularly noteworthy is the 
interaction of CD40 on DCs with CD40L (CD 154) on T 
cells. CD40 was first identified as a critical B cell molecule 
that interacted with CD40L on T cells to allow for isotype 
switching. During effective DC-T cell interactions, as T 
cells become activated, they upregulate CD40L. CD40L 
can then interact with CD40 on mature DCs to trigger 
IL-12 release, required for Thl polarization (50, 56). Ad- 
ditional TNF family members, OX40 on T cells and OX40L 
on DCs, also play an important complementary role for 
inducing T cell proliferation and cytokine production 
(372). OX40L knockout mice fail to generate contact hy- 
persensitivity (59), and OX40 knockout mice demonstrate 
reduced CD4 T cell proliferation, IFN-y production, and 
protection against an influenza lung infection (176). Both 
OX40 and OX40L knockout mice demonstrate no humoral 
immune response defects, and OX40 knockout mice re- 
tain primary and memory cytotoxic T cell responses. 
Other TNF family members listed in Table 2 have been 
shown to provide important signals that enhance CD8 T 
cell proliferation and IFN-y production (4-1BBL on DCs 
and 4 -IBB on T cells) and DC cytokine secretion and 
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survival RANK on DCs and RANK-L on T cells (reviewed 
in Ref. 21). 

3. Other costimulatory molecules 

Finally, a heterogeneous group of receptors has been 
described as regulating DC-T cell interactions (Table 2). 
The leukocyte function antigen-1 (LFA-1; or CDlla/CD18) 
interaction with ICAM-1 (CD54) induces an adhesive in- 
teraction between DC and T cells which when disrupted 
markedly reduces the proliferative response of T cells 
stimulated by DCs (19, 229). However, this molecular 
interaction might also influence the type of immune re- 
sponse that develops in the T cell. In experiments using T 
cells from DO11.10 mice that express a TCR specific to 
OVA peptide 323-339 and stimulated by OVA peptide on 
splenic DCs, it was shown that interactions of LFA-1 with 
intracellular adhesion molecule (ICAM)-l and ICAM-2 
were important for generating Thl responses. Thus block- 
ing the interaction with a combination of anti-ICAM-1 and 
anti-ICAM-2 shifted the in vitro Thl immune response to 
a Th2 response (290). DC-SIGN (which comes from DC- 
specific, ICAM-3 grabbing nonintegrin) is a 44-kDa type I 
membrane protein with an external mannose-binding, C- 
type lectin domain (324). It has been postulated that the 
interaction of DC-SIGN on DCs with ICAM-3 on T cells is 
required to initiate effective interaction of the MHC class 
II/peptide complex on DCs with the TCR on T cell (115). 
The postulate is that the DC-SIGN-ICAM-3 interaction 
allows sufficient DC-T cell adhesion for signaling to oc- 
cur. DC-SIGN also binds to ICAM-2, and this interaction 
seems important for DC migration across both resting and 
activated endothelium (116). 

D. Events at the DC-T Cell Interface 

A signal from an APC can be transmitted to a recently 
activated T cell rather quickly, whereas signaling a naive 
T cell may require more prolonged interaction. Time lapse 
microscopy has enabled the study of T cells interacting 
with planar membranes in which fluorescence-labeled ad- 
hesion molecules and MHC-peptide complexes can freely 
diffuse. Thus the planar membrane mimics to some extent 
the activity of antigen-pulsed APCs. With the use of this 
system, early central aggregation of LFA-1 with ICAM-1 
(within 30 s) can be observed followed within 20 min by 
aggregation of the MHC/peptide complexes by the TCR, 
constituting signal 1. The clustering of complexes at the 
DC-T cell interface has been referred to as the "immuno- 
logical synapse" (reviewed in Ref. 124). In addition to 
surface molecules, signaling molecules in the T cell such 
as Lck, Fyn, and ZAP 70 have been observed in the 
immunological synapse. Both the clustering of DCs with T 
cells as well as the subsequent T cell proliferative re- 
sponse is dependent on the reorganization of the T cell 



actin cytoskeleton and is characterized by the accumula- 
tion of filamentous actin and other cytoskeletal proteins 
at the T cell-DC interface. It was recently shown that 
disruption of the cytoskeleton by cytochalasin D in DCs 
interfered with effective clustering and activation of re- 
sponder T cells (6). Prolonged binding of T cells to DCs 
has been shown in some systems to be required for opti- 
mal antigen stimulation (22). Others have noted that the 
time for DC-T cell interaction determines the immunolog- 
ical outcome with shorter periods of interaction favoring 
anergy and death, intermediate periods the development 
of memory, and longer periods resulting in differentiation 
into effector cells (187, 189). In a recent study in which 
DCs were allowed to interact with T cells in collagen gels, 
T cells, were observed to crawl continuously over the 
surface of DC surface in short 6- to 12-min encounters. 
The repeated encounters resulted in T cell calcium influx 
and activation as measured by increases in activation 
markers and finally proliferation (131). This study raises 
the question as to whether the T cell needs to remain in an 
immobile state adhered to a DC to develop into a memory 
or effector T cell as implied by studies on planar members 
or whether, in contrast, active migration is the norm. In 
the intact animal, after subcutaneous antigen inoculation, 
initial interactions occur between DCs and T cells in T cell 
areas and continue at the interface of the T cell area with 
the follicles (153). In these latter in vivo studies, whether 
the DC-T cell interactions that resulted in expansion of 
the T cell population reflected prolonged immobilization 
of T cells by DCs or whether repeated short-lived inter- 
actions occurred could not be assessed. 

V. ROLE OF DENDRITIC CELLS IN LINKING 
INNATE AND ACQUIRED IMMUNITY 

A. Microenvironment Influences DC Phenotype 
and Function: Recognizing Danger 

DCs are members of the innate immune system, de- 
ployed throughout the body to sample the environment 
and determine whether a host response is needed and, if 
so, what kind of response. Infectious agents pose a threat 
to the normal host, who is generally well-equipped to 
resist these attacks. On infectious challenge of the non- 
immune host, innate immunity expresses itself quickly 
with appropriate defenses, often in the absence of a de- 
tectible inflammatory response. An example of a regional 
innate response is mucociliary clearance in the lung, 
which daily exerts effective antimicrobial protection. 
Nevertheless, the ability of the lung to also respond with 
an adaptive immune response is essential, as has been 
learned from examples of multiple opportunistic pulmo- 
nary infections in victims of the human immunodeficiency 
virus (HIV). In 1992, Polly Matzinger proposed that it was 
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the innate immune system that recognized danger and 
delivered nonspecific signals to specific T and B cells, 
stimulating them as to clonally divide and differentiate 
into effector lymphocytes and antibody-secreting cells, 
respectively (231, 234). Thus the older idea that the im- 
mune system learns a complicated set of rules early in 
ontogeny about how to recognize self and respond only to 
"not self was exchanged for a simpler model. The newer 
model is that professional APCs respond to the environ- 
ment and carry an antigenic message to responder T cells 
to instruct them to either develop tolerance or productive 
immunity. Current experimental evidence supports this 
notion. If a foreign or self-antigen is not dangerous, tol- 
erance is the expected outcome, because DCs will not 
mature and, therefore, will not deliver a second signal. A 
corollary is that if a danger signal is given when self- 
antigens are processed, then an autoimmune response 
might develop. 

As the initiator of T cell responses, DCs respond to 
danger signals and modify their function to generate an 
adaptive immune response. They use receptors to re- 
spond to the environment, first to take up, process, and 
present antigens and also to receive the danger signal. 
The "danger signal" receptors activate DCs causing them 
to engage intracellular machinery that 1) allows MHC 
class II to associate with immunogenic peptides in the 
proper endosomal compartment, 2) facilitates accumula- 
tion of MHC class II/peptide complexes in vacuoles to- 
gether with costimulatory molecules that are subse- 
quently coexpressed in domains on the cells surface, and 
3) releases cytokines that further modulate the immune 
response (152, 166, 359). 

Danger signals may arise from endogenous pro- 



cesses, particularly those that result in cell necrosis and 
tissue destruction (Table 3). Examples of specific signals 
of this type are cellular HSPs, matrix degradation prod- 
ucts such as hyaluronan, and cellular cytokines and cell 
surface ligands such as TNF-a, IL-1, and CD40L (4, 347). 
The normal turnover of cells is accomplished through 
programmed senescence whereby cells die via apoptosis, 
and neither inflammation nor development of adaptive 
immunity is a desirable outcome. On the other hand, 
when tissue is injured, particularly when necrosis results, 
inflammation is expected to initiate an appropriate repair 
response. HSPs are particularly important in signaling the 
host that something is amiss. Apoptotic cells do not ex- 
press HSPs to stimulate an immune response. In contrast, 
before or as they die, necrotic cells release HSPs into the 
microenvironment (24). HSPs bind to DC receptors, in- 
duce DC maturation, and stimulate migration of DCs into 
secondary lymphoid tissue. The endogenous HSPs, 
HSP70, HSP90, and HSP96, all bind to CD91, which is 
present on DCs (23, 29, 30, 309). 

Danger signals also derive from foreign substances. 
Microorganisms display motifs referred to as pathogen- 
associated molecular patterns (PAMPs) that stimulate 
DCs to undergo maturation. Microbial products are 
among the most common exogenous danger signals, and 
specific components include LPS from gram-negative or- 
ganisms, peptidoglycans, and lipoteichoic acids from 
gram-positive organisms, microbial DNA which is rich in 
CpG motifs, microbial HSPs, and double-stranded viral 
RNA (see Table 3, Refs. 4, 14, 112). The most important 
receptors on DCs that recognize microbial products and 
transmit the message to initiate adaptive immunity are the 
toll-like receptors (TLRs), a family of highly conserved 



table 3. Molecules that act on DCs to mediate the link between innate and acquired immunity 



Endogenous Danger Signals for DC (Their Known Receptors) 



Exogenous Danger Signals for DCs (Their Known Receptors) 



Necrotic cells (24, 25, 111) 

Stress-induced release of intracellular ATP and UTP (purinergic receptor 

P^xt) (244) 
Reactive oxygen intermediates (281) 

Matrix degradation products, such as hyaluronan (possibly CD44) (347) 
Endogenous heat shock proteins 

HSP70, HSP90, and HSP96 (CD91) (23) 

HSP60 (TLR-4) (250) 
CD40L (CD40) 
Cytokines 

TNF-a (TNF-a-R) 

IL-IJ8 (IL-1/3R) 

Type 1 IFNs (111, 165) 
Vasoactive intestinal polypeptide (77) 
Aggregated IgG (FcyRs) 
Fas (FasL) (274) 



Bacteria and bacterial products 

Peptidogycans, lipoteichoic acids, lipopeptides (TLR-2) 

LPS (TLR-4) 

CpG (TLR-9) (14) 

Mycobacteria 

Lactobacilli 

Leptospira intenvgans (TLR-2) (375) 
Viruses 
Herpes simplex 

Influenza virus and dsRNA (55) 
Dengue virus (140) 
Viral rnRNA (373) 
Fungi 
Mannans 

Candida albicans (90) 
Histoplasma capsulatum (VLA-5) (119) 
Parasites 
Acantkocheilonema vitae (376) 
Leishmania major (224) 
Toxoplasma gondii (335) 



Danger signals not specifically referenced as shown in parentheses are discussed and referenced in 4, 112, 120, 231, 234. Reference numbers 
are given in second set of parentheses. TNF-a, tumor necrosis factor-a; IL-l/3, interleukin-1/3; IFN, interferon; LPS, lipopolysaccharide. 
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molecules initially described in Drosophila. TLRs are type 
I integral membrane receptors with extracellular leucine- 
rich regions and intracellular domains homologous to the 
signaling domain of IL-1R. Specific microbial ligands have 
been identified for vertebrate TLRs 2, 4, and 9 (see Table 
3, Refs. 4, 135, 349). Upon interaction with their agonists, 
TLRs 2, 4, and 9 signal through the myeloid differentiation 
factor 88 (MyD88), IL-1 receptor-associated kinase 
(IRAK), TNF receptor-associated factor (TRAF), and the 
NF-KB/Rel proteins, which finally results in NF-kB trans- 
location to the nucleus and transcriptional activation (10, 
166). In a study examining the expression of TLRs 1-5 on 
human leukocytes, human DCs expressed all five, and 
TLR 3 was exclusively expressed on DCs (245). TLR 1-5 
mRNAs were downregulated during the maturation of 
DCs, Furthermore, DCs responded to LPS via TLR 4, 
secreting TNF-a but only while they were immature (367). 
These results suggested that only immature DCs are fully 
capable of responding to microbial products. Thus, after 
DCs mature, they would have only a short-lived ability to 
influence the naive T cell within secondary lymphoid 
organs. Thereafter, DCs would become unable to secrete 
polarizing cytokines such as IL-12 and undergo senes- 
cence, limiting the time frame within which they could 
stimulate immunity. In summary, DCs link innate and 
adaptive immunity by receiving danger signals that render 
them capable of maturing and inducing productive immu- 
nity rather than tolerance. 

B. DC Role in T Cell Memory, Effector Function, 
and Tolerance 

DCs regulate primary immune responses by directing 
antigen-specific T cells to die or to become anergic, mem- 
ory, or effector T cells. In addition, the cytokines synthe- 
sized or the lytic machinery generated define the type of 
effector T cell, i.e., Thl, Th2, cytotoxic, or regulatory T 
cell. Lanzavecchia and Sallusto (188) have proposed a 
linear differentiation model for T cells during priming 
based on the persistence of the DC-T cell interaction in 
lymphoid organs. According to the model, the length of 
time that T cells and DCs interact defines effector func- 
tion, homing, and survival of responder T cells with only 
the fittest T cells mamtaining a DC-T cell interaction and 
surviving to become memory T cells. Excessive stimula- 
tion causes responding naive T cells to proliferate and 
develop effector function, but many of these responders 
soon die (157), some within the lymphoid organ and 
others after they migrate to tissue sites. Some effector T 
cells survive and persist as effector memory cells as the 
primary response wanes, although the survival signals 
these cells receive are not certain. Inadequate stimula- 
tion, either through a poor fit of the TCR for the DCs 
MHC/peptide complex (159, 310) or lack of costimulation 



as a result of a low level of DC costimulatory molecules or 
both, would lead to T cell anergy or programmed cell 
death. Finally, as the model continues, a second type of 
memory T cell, a central memory T cell, develops if the 
strength of DC stimulation falls somewhere intermediate 
between that required for generating anergy and that 
required for polarizing effector T cells (285). Both types of 
memory T lymphocytes survive for years ready to respond 
to cognate antigen displayed on APCs. Central memory T 
cells circulate between blood and lymphoid organs and 
respond to MHC/peptide complexes by further expansion 
and differentiation into effector cells, which subsequently 
migrate to relevant target sites. In contrast, effector mem- 
ory T cells circulate between blood and peripheral tissues 
and, thus, can quickly respond to antigen by displaying 
immediate effector function (285). Each memory T cell 
type has distinct markers that allow them to migrate to 
the appropriate tissue site and to be distinguished from 
naive and effector T cells generated directly in the pri- 
mary immune response. 

1. Generation of memory 

Memory cells may be preserved through the persis- 
tence of antigen, but antigen is not required for persistent 
CD8 T cell memory (192). In one study, memory CD8 T 
cells were shown to persist, depending on the balance of 
ILrl5 with IL-2 (181). DCs secrete IL-15 (32, 161, 163), 
which could contribute to persistence of memory CD8 T 
cells; however, to date the role for DCs, if any, in persis- 
tence of CD8 T cell memory is incompletely understood. 
Mechanisms for maintenance of CD4 T cell memory are 
currently a focus for study. Van Essen et al. (363) dem- 
onstrated that CD4 T cell memory depended on DCs to 
process and present antigen. The source of the antigen 
was thought to be antigen-antibody complexes on follic- 
ular dendritic cells (FDCs). This study also demonstrated 
a requirement for B cells to maintain memory develop- 
ment, likely to facilitate the development of FDCs and to 
secrete the complex-forming antibody. 

2. Effector T cell generation 

Effector T cell differentiation from naive T cells re- 
quires prolonged TCR contact with MHC class II7peptide 
complexes and costimulation to induce proliferation and 
cytokine secretion to finally polarize the T cells (148, 188). 
DCs are ideal cells for perfonning this function, because 
expression of MHC class H/peptide complexes persist on 
mature DCs for over 100 h (52). T cells with high avidity 
interactions with DCs are the most likely to successfully 
compete for a long-term interaction with antigen-bearing 
APCs and, therefore, to repeatedly divide yielding daugh- 
ter T cells capable of polarizing into effector cells. DCs 
that secrete IL-12 induce Thl polarization (137), but, as 
has already been discussed, DCs are capable of producing 
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IL-12 for only a short time (186). After 8-12 h, DCs 
exhaust their ability to produce ILrl2 and subsequently 
activate proliferating T cells toward either a Th2 response 
or a regulatory T cell response. Interestingly, stimulation 
of Thl subset polarization requires less time for the DC-T 
cells interaction than Th2 subset polarization because 
there is an additional time requirement to induce demeth- 
ylation of the IL-4 and IL-13 genes that is required for Th2 
cell generation (149). If DCs emigrate into lymphoid tis- 
sue incapable of making IL-12, continued stimulation of 
naive T cells will induce the Th2 subset. In the absence of 
IL-12, the ability of responding naive T cells to make small 
amounts of lh-4 favors the development of Th2 T cells by 
autocrine stimulation. Most pathogens induce DC IL-12 
synthesis and secretion while other factors such as PGE 2 , 
IL-10, and selected microbes, such as hyphal forms of 
Candida albicans, inhibit IL-12 secretion (90; see Table 4 
for a list of IL-12 inducing and suppressing stimuli). Be- 
cause of the transient IL-12 production by antigen-pre- 
senting DCs, the continual influx into the regional re- 
sponding lymphoid organs of fresh IL-12-secreting DCs 
from the peripheral site is required to drive a large pool of 
responders to become Thl cells. Alternatively, as the 
antigen-specific T cells become activated, their expres- 
sion of CD40L may also continue to enhance IL-12 secre- 
tion by DCs to levels needed to maintain a Thl response. 
However, a CD40L signal is not successful in driving DCs 
to make IL-12 unless the DCs received a prior microbial 
signal (138, 313). As discussed, plasmacytoid DCs that 
carry antigens from systemic infected sites may also di- 
rectly enter the T cell area of the lymph node by HEVs and 
continue to drive a Thl response. In any case, once an 
infection clears and the microbial stimulus is gone, the 
ability for DCs to continue to make IL-12 would not be 
expected to continue. 

3. Tolerance 

Tolerance is the specific inability of a host to respond 
to antigens and is generated both centrally and peripher- 



table 4. Factors that regulate DC IL-12 secretion 


Stimulate IL-12 


Suppress IL-12 


CD40L (306) 


PGE 2 (167, 355, 377) 


IFN-y (366) 


Chemokines MCP-1 to -4 (37) 


Chemokine receptor ligands for 


C5a (37) 


CCR5 (7) 


Cytokines 


Bacteria and bacterial products 


IL-10 (64) 


LPS (349) 


GM-CSF (342) 


CpG motifs (14, 26) 


Corticosteroids (76) 


Staphylococcus aureus (138) 


CD47 (thrombospondin receptor) 


Parasites 


ligation (83, 168, 183) 


heishmania major (104, 260) 


Vitamin D 3 (259) 


L. donovani (122) 


Measles virus (110) 


Toxoplasma gondii (252) 





Representative references are shown in parentheses. GM-CSF, 
granulocyte macroph age-colony stimulating factor. 



ally. Central tolerance mechanisms occur in the thymus 
for T cells and in the bone marrow for B cells (1). T cells 
that might inadvertently respond to DCs carrying self- 
peptides are deleted during ontogeny in the thymus. T 
cells that fail to respond to stimuli in the thymus die from 
neglect, while T cells that recognize MHC/peptides with 
high avidity undergo apoptosis and are deleted; this latter 
process is called negative selection. T cells that recognize 
self with low avidity in the thymus survive, a process 
called positive selection, and reach the periphery where 
they respond only to antigens presented in the context of 
self-MHC. Thymic epithelial cells are responsible for pre- 
senting self-peptides in the context of MHC for positive 
selection. Both thymic DCs and thymic epithelial cells 
contribute to negative selection (39, 40, 394). 

4. Peripheral tolerance mechanisms 

Peripheral tolerance mechanisms include T cell 
death, T cell anergy, and active suppression by T regula- 
tory cells. Once in 'the periphery, as described above, 
productive immune responses occur when DCs that have 
taken up antigen are activated and present optimal levels 
of MHC/peptide complexes in the context of accessory 
molecules. In the normal host if self-antigens are pre- 
sented, no T cells should be available to respond, because 
of central tolerance induction. However, if T cells recog- 
nize only low levels of MHC/peptide, have a low affinity 
for their cognate ligand, or receive no costimulation from 
DCs, they become anergic or undergo apoptosis. For ex- 
ample, immature DCs treated with IL-10 fail to mature 
and, as a result, induce anergy in responder T cells (323). 
Once generated, anergic T cells can suppress develop- 
ment of an immune response by directly suppressing the 
expression of MHC class II, CD80, and CD86 on DCs in 
culture (365). 

Tolerance can also be achieved by the induction of T 
regulatory cells. ThO, Thl, and Th2 T cells can be sup- 
pressed by T regulatory cells that secrete suppressive 
factors. T regulatory cells play a role in the expression of 
tolerance, and it is likely that these cells are stimulated 
initially by DCs (145, 311). T regulatory cells include those 
that secrete IL-10, TGF-/3, both IL-10 and TGF-/3, and 
those that suppress by cell-cell contact. The literature has 
given special names to T regulatory cells. For example, T 
regulatory 1 (Trl) cells were described as cells that se- 
creted IL-10 and inhibited T cell proliferation and cyto- 
kine secretion and IgE production in an antigen-specific 
manner, but did not affect either IgG : or IgG 2a antibody 
responses (68). T regulatory cells in general are generated 
when responder T cells are stimulated repeatedly in the 
presence of high levels of IL-10 (128), a cytokine that can 
be secreted by DCs. A mayor role in oral tolerance for 
Peyer's patch IL-10-secreting DCs has been proposed 
(156). 
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C. DC Role in B Cell Function 

The focus of most studies with DCs is on their role in 
stimulating naive T cells, but DCs also play a role in 
stimulating B cells in both lymph node T cell areas and 
germinal centers (21, 93). A critical indirect role for DCs 
in B cell stimulation relates to their role in activating T 
cells to upregulate CD40L and secrete B cell helper fac- 
tors. However, interdigitating DCs within the paracortical 
areas of the lymph node can interact directly with CD40- 
activated naive B cells to induce proliferation through an 
unidentified mechanism (93). Furthermore, in an IL-12- 
dependent mechanism, DCs contribute to B cell differen- 
tiation into IgM-secreting plasma cells (31, 94). Plasma 
cell differentiation is facilitated by DC secretion of the 
IL-6R a-chain, gp80, which complexes to ILr6 and then 
binds to the IL-6R receptor on the responding B cell (94). 
DCs also stimulate CD40-ligand activated B cells to un- 
dergo isotype switching. DCs can capture and present 
unprocessed antigen to B cells and induce an IgG switch 
both in vitro and in vivo (383). Furthermore, human ton- 
sillar interdigitiating DCs induced CD40-ligated naive hu- 
man B cells to secrete high levels of IgM antibody and to 
switch to both IgG and IgA isotypes. Interestingly, IL-13 
was essential for Ig secretion, and DCs were the source of 
the IL-13 (160). The interaction of T cell area DCs with B 
cells may be facilitated by ELC secretion which attracts 
activated B cells as well as naive T cells to the DC 
microenvironment (247). 

A unique follicular dendritic cell (FDC) population 
exists in the germinal centers of secondary lymphoid 
tissue and are important in B cell recall responses (348). 
FDCs are not bone marrow derived or related to the DCs 
being discussed in this review. However, FDCs are briefly 
discussed because they may be confused with the T cell- 
stimulating DCs. FDCs have abundant Fc and comple- 
ment receptors that trap and retain immune complexes 
for long periods. The native antigen within the complexes 
binds the B cell receptor to reactivate memory B cells 
and, therefore, are likely important in maintaining serum 
antibody for long periods after exposures to infectious 
agents or effective vaccination. Furthermore, the com- 
plexes are fed to B cells as vesicular bodies called icco- 
somes, which are then processed and presented to follic- 
ular T cells to elicit their help. CD21 is a critical receptor 
on FDCs in stimulating B cells, because it binds irnmune 
complexes that have activated complement FcyRIIB is 
also important, because it reduces B cell coligation of the 
inhibitory FcyRIIB on B cells with the B cell receptor 
(100, 267). 

An additional DC subset identified within germinal 
centers of lymphoid organs in humans (and not related to 
FDCs) expresses CD4 and CDllc, but lacks the follicular 
center specific marker KiM4 (126). These cells are re- 
ferred to as germinal center DCs (GCDCs) and ex vivo can 



facilitate expansion of germinal center B cells already 
activated by CD40L and IL-2. B cell stimulation depended 
on IL-12 production by GCDCs (92). Furthermore, GCDCs 
were also capable of IL-10-independent isotype switching 
toward the Th2 antibody IgGl (21). GCDCs secrete the CC 
chemokine DC-CK1 that has the ability to attract B cells 
and faciliate the interaction of the two cells types (199). 

VI. DENDRITIC CELLS AND INFECTIOUS 
DISEASE 

A. Microbial Subversion of DC Function 

Microbes have cleverly learned to directly invade 
DCs in peripheral tissues and replicate intracellular^. By 
either a productive nonlytic infection and/or by killing 
DCs, the agent can then be spread locally, or infected DCs 
can carry the agent to draining lymph nodes. Further- 
more, infectious agents can interfere with MHC class I 
and class II antigen processing and presentation path- 
ways or activate T cells indiscriminately by presenting 
bacterial superantigens diverting an effective immune re- 
sponse (reviewed in Refs. 16, 21, 271, 331). Among organ- 
isms that have developed the ability to subvert DC func- 
tion are the viruses human immunodeficiency virus I 
(HIV), Epstein-Barr virus (EBV), human choriomeningitis 
virus (HCMV), murine lymphocytic choriomeningitis virus 
(LCMV), human cytomegalovirus virus (HCMV), herpes 
simplex virus (HSV), and measles virus; the bacteria M. 
tuberculosis, Yersinia enterocolitica, Salmonella sp., and 
Listeria monocytogenes; and the parasites Leishmania 
major, L. donovani, and Plasmodium falciparum to 
name a few. For example, DC infection by both live and 
killed enteropathogenic K enterocolitis in vitro causes a 
transient suppression in their ability to stimulate both 
autologous CD4 and CD8 T cells (295). Selected studies 
will illustrate the principle that DCs are targets for im- 
mune regulation by infectious agents. 

L HIV 

HIV infection is one of the best-characterized infec- 
tions with regard to exploitation of DCs. Persisting HIV 
infection leads to gradual destruction of T cells, the un- 
derlying cause of morbidity and mortality in acquired 
immunodeficiency syndrome (AIDS). DCs are early tar- 
gets for infection by HIV at peripheral sites. In early 
infection, infectious HIV is macrophage-tropic and enters 
both DCs and monocyte/macrophages at mucosal sites by 
utilizing target cell surface CD4 and an essential corecep- 
tor, the chemokine receptor CCR5 (16, 144, 294). Infected 
monocytes stimulated with GM-CSF and IL-4 develop into 
DCs, and subsequent exposure to LPS drives their matu- 
ration and migration to secondary lymphoid tissue where 
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they can readily infect CD4 T cells. In an in vitro coculture 
model of monocyte-derived, cultured DCs with autolo- 
gous resting CD4 T cells, CCR5-tropic strains of HIV-1, but 
not CXCR4-tropic (or lymphotropic) strains, were trans- 
mitted to resting CD4 T cells, leading to productive viral 
replication, although DCs were susceptible to infection 
with either viral strain (75). Macrophages could be in- 
fected with both the CCR5 and CXCR4 tropic HIV strains 
but were unable to infect CD4 cells with either viral 
strain. Productive HIV infection appeared to result from 
formation of syncytia between infected DCs and T cells. 

Several studies have reported a Thl/Th2 shift in the 
cytokine pattern from secretion of IL-2 and IFN-y toward 
IL-4 and IL-10 during progressive patient decline during 
an HIV-1 infection (reviewed in Ref. 62). Furthermore, the 
shift from CCR5 tropic to a CXCR4 tropic HIV-1 variant 
has been associated with disease progression (294). Data 
support the notion that the shift toward Th2 cytokines, 
particularly IL-4, downregulates CCR5 and upregulates 
CXCR4 expression on both DCs and CD4 T cells, allowing 
both to become infected with the more virulent lympho- 
topic strains of HIV (360, 371, 397). More recent studies 
show that IL-10 inhibits replication of CXCR4 tropic HIV-1 
strains in macrophages, but significantly increases viral 
replication in DCs, thus acting in a similar fashion to IL-4 
in facilitating development of more aggressive HIV dis- 
ease (8). Others have studied mechanisms of enhanced 
HIV production during DC-T cell interactions. With the 
use of an HIV transgenic mouse model in which APCs 
served as the major source of inducible HIV expression, 
mechanisms by which integrated virus is activated intra- 
celluarly were investigated (61). When admixed with 
transgenic APCs, activated T lymphocytes provided a ma- 
jor contact-dependent stimulus for viral protein expres- 
sion in vitro, which depended on CD40-CD40L interac- 
tion. 

2. HCMV 

HCMV is a DNA virus that persists in the human host 
following a primary infection, yet generally causes no 
pathology. The organism utilizes an array of different 
mechanisms that modulate the immune response to cir- 
cumvent its clearance. These mechanisms include those 
that increase degradation of MHC class I and MHC class 
II molecules and that interfere with peptide trimming of 
antigens for presentation (206). Therefore, DCs are 
clearly targets for HCMV. Hematopoetic cells are impor- 
tant cellular sites for latent infections. Defined popula- 
tions of myeloid lineage-committed progenitor cells were 
studied from HCMV seropositive humans to determine if 
they supported latency and under what conditions reac- 
tivation was achieved (132). Human fibroblasts cocul- 
tured with DCs and other myeloid cells supported latency 
and reactivation of the virus, although only very small 



percentages of the myeloid cells were responsible 
(<0.01%). Cytokines that supported reactivation included 
IFN-y, TNF-a, IL-4, and GM-CSF, suggesting that immune- 
mediated inflammation could reactivate a HCMV infec- 
tion. In another study, human monocyte-derived imma- 
ture DCs were assessed as to whether they were 
susceptible to infection with HCMV (276). Immature DCs 
(80-90%) were susceptible to infection by HCMV strains 
that had been propagated in endothelial cell cultures. 
Furthermore, the DCs expressed viral immediate early, 
early, and late genes and supported a productive infec- 
tion, which eventually led to destruction of the DCs in 
culture. Thus HCMV downregulates an effective immune 
response by destroying DCs. An example of how HCMV 
affects function in the absence of lytic infection of DCs is 
illustrated by a study examining the role of a HCMV 
product, the glycoprotein UL18. UL18 is a MHC class I 
homolog that binds to UL binding protein (ULBP), a gly- 
cophosphatidylinositol-linked cell surface glycoprotein. 
UL18 interferes with ULBP binding to its receptor, the 
activating receptor, NKG2D/DAP10, on NK cells and 
therefore, UL18 blocks NK cell cytotoxicity (67). The 
consequence is that UL18 production by HCMV allows 
virally infected cells to evade attack by the innate immune 
system. UL18 also binds to the inhibitory leukocyte Ig-like 
receptor-1 (LIR-1), which belongs to a family of closely 
related immunoglobulin superfamily receptors. LIR-1 is 
expressed on B cells and myelomonocytic cells, including 
monocytes and DCs (65, 66). It is, therefore, possible that 
the UL18 molecule of CMV could interfere with physio- 
logical DC responses, perhaps interfering with controlled 
differentiation and cytokine release of DCs, subverting 
the negative regulatory function of LIR-1 and ultimately 
leading to HCMV persistence. 

3. Measles virus 

Mortality from measles virus infection in third world 
countries is caused mainly by secondary infections asso- 
ciated with a pronounced immunosuppression. DCs are 
an important target for the measles virus, which is able to 
subvert DCs to induce immunosuppression. LCs, CD34+ 
progenitor-derived DCs, and monocyte-derived DCs are 
all susceptible to infection with measles viruses. After 
infection, DCs can undergo maturation but fail to stimu- 
late T cells (300). Measles virus-infected LCs or mono- 
cyte-derived DCs matured when exposed to TNF-a or 
LPS, but CD40Lrdependent maturation of DCs was inhib- 
ited as demonstrated by decreased expression of CD40, 
CD80, CD86, and CD83. Moreover, the CD40L-induced 
cytokine pattern in measles virus-infected DCs demon- 
strated inhibition of IL-12. Finally, measles virus infection 
of DCs also prevented CD40I^dependent CD8 T cell pro- 
liferation. Another mechanism for measles virus immuno- 
suppression involved induction of both DC and T cell 
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death by apoptosis (223). With the use of human mono- 
cyte-derived DCs, measles virus-infected DC-T cell cocul- 
tures resulted in DC apoptosis via Fas-FasL-mediated 
mechanisms. Dissection of the DC-T cell interactions re- 
vealed that CD40L expressed on activated T cells first 
enhanced measles virus replication in DCs, then FasL on 
activated T cells induced Fas-mediated apoptosis of DCs, 
which facilitated viral particle release. A second impor- 
tant observation was that apoptotic measles virus-in- 
fected DCs induced bystander maturation of uninfected 
DCs, a phenomenon that may be involved in the final 
initiation of a measles virus-specific response and was 
postulated to occur by the uptake of apoptotic, virally 
infected DCs (223). 

4. Mycobacteria 

Pathogenic mycobacteria, including M. tuberculosis, 
cross mucosal barriers by endocytosis particularly in the 
oropharynx and nasopharynx, tonsils, and Peyer's 
patches (reviewed in Ref. 216). Bacilli that reach the 
basolateral surfaces of epithelial M cells are taken up by 
professional APCs. DCs and macrophages in these sites 
are permissive for mycobacterial replication, but cellular 
immunity develops that usually controls infection in the 
immunologically intact hosts. Nonetheless, phagocytes 
(and likely DCs) containing intracellular mycobacteria 
disseminate infection to other parts of the body. 

5. Salmonella> 

Salmonella sp. were shown to be capable of infecting 
and surviving within murine DCs (225). It has been sug- 
gested that DC infection by Salmonella might lead to 
dissemination of the organisms from the gut (331). A 
wild-type and three different attenuated strains of Salmo- 
nella typhimurium were all shown to be capable of 
infecting human monocyte-derived DCs (91). The wild- 
type and one attenuated strain persisted in the DCs longer 
than two attenuated strains, both of which were largely 
eliminated within 24 h. Most DCs survived infection by 
the attenuated strains, although apoptosis was observed 
in a fraction of the exposed cells. All strains induced DC 
maturation and stimulated IL-10, TNF-a, and IL-12. These 
studies are consistent with a role for Salmonella-infected 
DCs not only in stimulating immunity but also in dissem- 
ination and immunosuppression through the production 
of IL-10 and induction of limited APC apoptosis. 

6. Listeria monocytogenes 

The sequence of cellular events leading to the dis- 
semination of L. monocytogenes from the gut to draining 
mesenteric lymph nodes was studied by confocal micros- 
copy of immunostained tissue sections in a rat ligated 
ileal loop system (261). Listeria were first detected in 



DCs beneath the epithelia lining of Peyer's patches and 
then in draining mesenteric lymph nodes as early as 6 h 
after inoculation. Most bacteria (80-90%) were in deep 
paracortical regions, and all of the bacteria were present 
in cells compatible with DCs. The authors suggested that 
Listeria were transported by DCs from Peyer's patches to 
the deep paracortical regions of draining lymph nodes 
and from there transmitted to other cell populations. This 
study provided evidence that DCs may be involved in the 
early dissemination of this pathogen. 

B. Exploiting DCs for Vaccine Protocols 

Current vaccines include toxoids, recombinant pro- 
teins and peptides emulsified in ao\juvants, and com- 
pletely inactivated or attenuated intact microbial agents. 
However, effective preventive strategies for many infec- 
tious agents have not been found, and no vaccines are yet 
available to enhance protective immunity against persist- 
ing infections. For example, infections with the intracel- 
lular pathogens M. tuberculosis and L, donovani are a 
worldwide problem. Despite effective therapy, in some 
cases disease progression may occur. An important cor- 
ollary of the concept that microbes subvert DC function is 
that DCs and other APCs may be uniquely equipped to 
overcome persistance of microbes within the human host. 
Therefore, if DCs can be properly manipulated, they might 
become the most effective adjuvant to enhance the host's 
immune defenses and clear the infection (reviewed in 
Refs. 89, 271, 301, 328, 344). Among the many organisms 
that have been targeted for genetic vaccines in experi- 
mental systems are HIV, Chlamydia sp n Borrelia burg- 
dorferi, LCMV, Toxoplasma gondii, L. donovani, and 
equine herpesvirus-1. DNA genetic vaccines may incorpo- 
rate genes that encode microbial antigens and cytokines 
such as GM-CSF that enhance DC maturation or IL-12 that 
drives Thl responses. Protocols have also been designed 
to directly inoculate DC vaccines as after DC exposure to 
microbial antigens so that they present antigens on both 
class I and class II MHC for generating both specific CD4 
and CD8 T cells. This latter strategy has also been modi- 
fied by transfecting antigen-pulsed DCs with cytokine 
constructs that facilitate their maturation to IL-12-secret- 
ing APCs. 

In genetic vaccination, DNA encoding microbial 
genes are inoculated into the host. The genes are ex- 
pressed within the host cells that take up the inoculated 
DNA. If the DNA enters a DC, the proteins are directly 
expressed within the cell and presented on MHC class I by 
the classical endogenous pathway. However, any trans- 
fected cell, including non-APCs, can secrete the microbial 
protein, thereby making antigen available for cross-pre- 
sentation on DC MHC class I or for processing by the 
endocytic pathway for presentation on MHC class II. In 
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one study that supports this scenerio, intradermal DNA 
injection of a CMV promoter-driven plasmid encoding 
model antigen induced sensitization against the encoded 
protein, and cutaneous DCs were shown to be involved in 
sensitization (36). DCs that migrated from the skin ex- 
plant 3 days after the skin injection of the antigen con- 
struct contained mRNA encoding the antigen. The iso- 
lated DCs were capable of stimulating CD4 T cells and 
inducing cytolytic T cells, clearly establishing a role for 
skin DCs in genetic vaccination for both MHC class I and 
class II dependent immunity. 

1. HCMV infection 

HCMV infections are particularly serious in alloge- 
neic transplant recipients, and therapy in this setting is 
often unsatisfactory. Recent studies have examined the 
feasibility of adoptive transfer of donor-derived virus- 
specific T cells generated in cultures with antigen-bearing 
autologous monocyte-derived DCs (256). APCs were 
pulsed with HCMV antigen and cocultured with autolo- 
gous peripheral blood lymphocytes from HCMV-seropos- 
itive individuals. This process increased the numbers of 
cytolytic T cells, suggesting that this technique could 
potentially be useful for enhancing immunity in HCMV- 
seropositive transplant patients. One important caveat in 
using DCs as antigen-carrying cells for induction of im- 
munity is that in general immature DCs process but fail to 
present, and mature DCs present but fail to process ef- 
fectively through the class II endocytic pathway. Recom- 
binant vaccinia viruses (W) have been used to introduce 
antigens directly into immature DCs, but Bonini et al. (34) 
observed that this technique blocked DC maturation and, 
thus, these APCs were unable to generate an effective 
cytotoxic T cell response after infection with W. On the 
other hand, recombinant W-infected mature DCs induced 
a CD8 T cell response but were unable to stimulate CD4 
cells, because the exogenous class II pathway was no 
longer intact. Using a clever strategy, the authors de- 
signed a gene containing the targeting sequence of a class 
II compartment-associated antigen [lysosomal-associated 
membrane protein 1 (LAMP1)), to guide a CMV antigen 
delivered on W to the MHC class II compartment in 
mature DCs. These mature DCs expressed the HCMV 
antigen on both MHC class I and MHC class II, detected 
for at least 16 h, and were capable of stimulating both 
CD4 and CD8 T cells. 

2. Tuberculosis 

DC manipulation has been explored in an effort to 
enhance current immunization protocols again M. tuber- 
culosis in murine infection models. DCs in the lung stim- 
ulate immunity to inhaled pathogens and so certainly are 
important in generating effective mycobacterial immu- 
nity. Bacillus Calmette Guerin (BCG) has been a stan- 



dard component for immunizations against M. tuberculo- 
sis in many countries, although it is relatively ineffective. 
One study explored whether direct inoculation of BCG- 
infected DCs into the trachea would provide enhanced 
immunity in a murine model of infection compared with a 
subcutaneous BCG vaccination (78). As expected, BCG- 
infected DCs induced appropriate maturation of the DCs 
in vitro, including stimulating IL-12 secretion. After intra- 
tracheal instillation, the BCG-pulsed DCs induced a Thl 
immune response in lung-draining lymph nodes. How- 
ever, the response was no greater than that induced by 
subcutaneous vaccination. Nonetheless, clearly DCs bear- 
ing BCG antigens were immunogenic. Vaccination strate- 
gies that would optimize DC IL-12 production and their 
presenting the appropriate T cell epitopes should be suc- 
cessful. With the use of BCG-infected DCs, experiments 
were designed to activate DCs for enhanced IL-12 secre- 
tion via stimulating their CD40 with CD40L. CD40-stimu- 
lated BCG-infected DCs displayed increased capacity to 
release bioactive IL-12 and to activate IFN- -/-producing T 
cells in vitro. However, although C57BL/6 mice immu- 
nized with BCG-infected, CD40-activated DCs demon- 
strated increased levels of type 1 cytokine production in 
vivo, the response did not increase lung resistance to 
intrapulmonary infection with virulent M. tuberculosis 
(79). One strategy might be to enhance CD8 T cell re- 
sponses in addition to CD4 T cell responses. Thus, al- 
though CD4 T cells are essential for protective immunity 
against M. tuberculosis infection, CD8 T cells may also 
play a critical role, and strategies have been developed to 
design vaccines that contain epitopes recognized by both 
CD4 and CD8 T cells. In one study in which this issue was 
addressed, a W construct expressing the mycobacterial 
antigen MPT64 was used to infect DCs and determine 
whether a CD8 T cells from BCG-infected mice could be 
activated by these DCs (102). The W-MPT64-infected DCs 
were more effective than BCG-infected DCs in activating 
antigen-specific CD8 T cells to secrete IFN-y in vitro, 
suggesting that use of such peptide constructs might 
eventually be useful in genetic vaccines against M. tuber- 
culosis. 

3. Leishmaniasis 

Using a murine model of visceral leishmaniasis, one 
successful approach to vaccine therapy was to couple the 
antigen presenting capacity of DCs with the paracrine 
delivery of IL-12 (5). DCs pulsed with soluble L. donovani 
antigens and inoculated into naive mice induced antigen- 
specific production of IFN-y and increased the percentage 
of activation markers on spleen lymphocytes. Antigen- 
pulsed DCs transfected with retroviral gene construct that 
encoded the biologically active murine IL-12 augmented 
the Thl immune response. Finally, and most importantly, 
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in both vaccination and immunotherapy protocols, the 
doubly transfected DCs reduced the parasite burdens. 

VII. ROLE OF DENDRITIC CELLS 

IN IMMUNE-MEDIATED DISEASE 

Because DCs are essential for initiating primary im- 
mune responses, they also play a central role in the initi- 
ation and perpetuation of immune-mediated disease. Hy- 
persensitivity diseases include those that develop in 
response to both exogenous and endogenous (autoim- 
mune) diseases. Asthma is an example of a hypersensitiv- 
ity disease to exogenous antigens, i.e., allergens. Asthma 
is a Th2-mediated disease with both IgE antibody and type 
2 cytokines playing effector roles in clinical exacerba- 
tions. In experimental models of asthma, DCs both initiate 
the primary response and play a role in the effector limb 
of the response (204, 248, 298). Many autoimmune dis- 
eases have been modeled in experimental animals; in 
many of these diseases, the mechanism of inflammatory 
damage is primarily related to the initiation and persis- 
tence of Thl immune responses. Therefore, a role for DCs 
in this group of diseases is highly likely (215). Experimen- 
tal autoimmune encephalomyelitis (EAE) has been elic- 
ited in both rats and mice and mimics the human neuro- 
logic disease multiple sclerosis. In EAE, strategies have 
successfully induced tolerance to both prevent and treat 
the disease. EAE is an example of an autoimmune disease 
in which a role for DCs has been established in causing 
the disease and in tolerance induction (201). Rather than 
review the literature for a role of DCs in a large group of 
hypersensitivity and autoimmune diseases, we focus on 
asthma and EAE to illustrate the principles of how DCs 
participate in these diseases. 

A. Asthma: a Th2-Mediated Inflammatory 
Lung Disease 

1. Lung DCs 

In the lung, DCs reside within and beneath airway 
epithelium, in alveolar septae, in the connective tissue 
surrounding pulmonary veins and airway vessels, and 
within the lung capillaries of the lung parenchyma (re- 
viewed in Ref. 202). DCs in the airway epithelium express 
an immature phenotype and exhibit a rapid turnover (142, 
233). DCs residing within alveolar septae and in connec- 
tive tissue surrounding vessels have a more mature phe- 
notype than airway DCs (121). DCs residing within the 
lung vascular compartment represent circulating precur- 
sor DCs (336). Our studies in mice indicate that most lung 
DCs are CD8a- and express CDllc and CDllb (228). 
One role of lung DCs is to provide protection against 
infectious agents by initiating type 1 immune response. 



An equally important role is to generate tolerance to 
inhaled allergens in normal noninfiamed lungs. In this 
regard, immature DCs continuously leave the peripheral 
blood and assume a surveillance position in lung tissue, 
avidly sampling the antigenic environment. In the steady 
state, lung DCs likely remain relatively immature and 
constituitively migrate in low numbers into regional 
lymph nodes where they induce either anergy, deletion of 
T cells, or a weak Th2-like response to air-borne antigens 
that eventually is downregulated (334). Most humans and 
experimental animals fail to respond to inhaled allergens 
with allergic pulmonary inflammation because they either 
develop tolerance or simply fail to respond immunologi- 
cally. Indeed, the failure of immature DCs to become 
mature DCs in response to inhaled allergens may be the 
primary reason most humans are tolerant to inhaled non- 
microbial antigens (334). Active suppression of immature 
DC maturation by alveolar macrophages may explain why 
airway and intraepithelial DCs remain immature during 
their steady-state migration to lung-associated lymph 
nodes (LALNs) (141, 203). Furthermore, autocrine pro- 
duction of IL-10 by immature DCs can inhibit surface 
expression of MHC class II and exert a generalized inhib- 
itory effect on T cell proliferation (238, 334). On exposure 
to inhaled allergens, the antigen may simply be insuffi- 
cient in providing a danger signal to overcome suppres- 
sion by alveolar macrophages and ILrlO. However, if a 
danger signal is present at the tissue site, DCs mature and 
migrate in greater numbers to the draining lymph nodes to 
stimulate CD4 T cell clonal expansion and differentiation. 
In most infections, polarization of maturing DCs into DCs 
that can produce IL-12 occurs. DCs in draining lymph 
nodes may also be stimulated to produce IL-12 in lymph 
nodes during an ongoing T cell response when CD40 on 
DCs is cross-linked by CD40L on responder T cells (137, 
168, 306), if factors that suppress ILrl2 secretion are 
absent within the lymph node. 

2. Lung DCs in priming and eliciting pulmonai~y 
Th2 response 

The role of lung DCs in providing protection against 
infectious agents through the strong promotion of type 1 
immunity may be a key to establishing a microenviron- 
ment in the lung that suppresses the development of 
allergen-specific Th2 responses. Allergen exposure during 
an ongoing Thl response in the lung could potentially 
drive an allergen-specific Thl response or at least prevent 
development of an allergen-specific Th2 response. This 
might occur if the Thl response drove allergen-presenting 
immature DCs to mature into IL-12-secreting DCs. In a 
study of children in Japan, the maintenance of a strong 
purified protein derivative (PPD) immune response was 
associated with protection from asthma, which suggested 
that the local or systemic host response to the tubercle 
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bacillus deviated responses to allergens away from Th2 
responses (304). Furthermore, BCG given to mice be- 
fore systemic antigen priming and aerosol challenge 
protected against the development of allergic pulmo- 
nary inflammation (95, 136). Alternatively, inflamma- 
tion provoked by environmental toxicants or infections 
may result in the production of PGE 2 , IL-10, or TGF-/3 
by lung cells in the microenvironment of immature DCs 
and cause them to mature into DCs incapable of secret- 
ing IL-12. Childhood respiratory viral infections, partic- 
ularly respiratory syncytial virus (RSV) infections, in- 
crease the risk of developing asthma (177, 308). 
Speculation is that during RSV infections, lung DCs may 
be induced to mature, yet be incapable of secreting 
IL-12. Thus allergen-carrying DCs that reach the lung- 
draining lymph nodes are more likely to initiate a pri- 
mary allergen-specific Th2 response (Fig. 5). All chil- 
dren who experience RSV bronchiolitis do not develop 
asthma. Therefore, implicit in this hypothetical se- 
quence is that genetic factors influence the host re- 
sponse to RSV and, thus, whether the lung microenvi- 
ronment can mediate DC differentiation that drives a 
strong Th2 response to allergen. In one recent study, 
antigen-pulsed splenic DCs were inoculated intratra- 
cheal^ into naive mice and primed mice for airway 
hyperresponsiveness, lung eosinophilia and inflamma- 
tion, and mucous cell metaplasia, suggesting that the 
normal lung environment is conducive to developing 
Th2 rather than Thl responses (338). 

DCs also likely play a role in elicitation of pulmonary 
allergic inflammation. Lambrecht et al. (185) demon- 
strated a critical role for lung DCs in the effector limb of 
inflammation in a murine allergic inflammation model. 
The investigators used a thymidine kinase-transgenic 
mouse in which DCs were exquisitely sensitive to destruc- 
tion when mice were treated with the antiviral drug gan- 
ciclovir. The mice were immunized with OVA in a stan- 
dard Th2-producing protocol in which the antigen is 
inoculated intraperitoneally in alum. Once memory Th2 
cells were generated, the depletion of lung DCs before a 
secondary exposure to OVA via the respiratory tract 
markedly reduced the expected Th2-mediated inflamma- 
tory response. 

• 

3. Role for Lung DCs in the persistence of asthma 

The total number of lung DCs is increased in bron- 
chial tissue of asthmatics (27, 237), although it is not 
known whether these lung DCs are phenotypically and 
functionally different from those present in the bronchi 
and bronchioles of nonasthmatic individuals. In these 
studies, treatment with glucocorticoids significantly re- 
duced the number of DCs to levels seen in nonasth- 
matic people. These findings suggest that the increased 
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fig. 5. Role of DC in asthma. In a naive host (upper bronchus) 
during the afferent limb of the immune response, allergen is inhaled, 
taken up by DCs, and carried to the LALNs in the context of a Th2- 
enhancing microenvironment. During the central processing phase of 
the immune response in LALNs, mature DCs are unable to make IL-12 
and present allergen to naive, antigen-specific T cells. This interaction 
results in clonal T cell expansion and differentiation to allergen-specific 
Th2 T cells. Th2 cells drive B cells to proliferate and differentiate into 
IgE-secreting cells. Both IgE and Th2 cells leave LALNs via efferent 
lymphatics and reach the lung (lower bronchus), where an allergic 
response will occur on reexposure to the immunizing allergen. In the 
effector limb of the pulmonary asthmatic response, IgE and antigen 
cross-link FceRIs on mast cells, signaling an acute phase response. 
Resident DCs also present allergen-specific T cell epitopes bound to 
class II to resident Th2 cells that are stimulated to participate in late 
phase asthmatic responses by secreting Th2 cytokines. Repeated aller- 
gen exposures lead to chronic inflammation, possibly enhanced by the 
recruitment of monocytes and other precursor DCs that, in the setting of 
ongoing Th2~mediated inflammation, become effective resident DCs. 



numbers of DCs in asthmatic airways could be an im- 
portant factor in the persistence of chronic T cell- 
mediated allergic inflammation. Once allergen-specific 
Th2 memory cells are drawn into the lung, repeated 
allergen presentation by lung DCs may drive the per- 
sistent stimulation of allergen-specific memory Th2 
cells (Fig. 5). This repeated Th2 cell stimulation would 
be expected to exacerbate acute asthma episodes and 
to perpetuate the state of chronic inflammation that 
contributes to the remodeling and airway hyperreactiv- 
ity that characterize chronic asthma. 
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B. EAE: a Thl-Mediated Disease 

1. DCs in initiating immune-mediated central 
nei~vous system inflammation 

EAE is an experimental demyelinating disease in- 
duced in rodents by immunization against myelin-specific 
proteins. EAE is mediated by antigen-specific T cells. This 
knowledge was established by adoptive transfer experi- 
ments and the demonstration that B cells and antibody do 
not play a role (139, 253). The T cells in EAE secrete 
IFN-% and recruited macrophages secrete TNF-a; both 
cytokines are important in mediating central nervous sys- 
tem (CNS) inflammation. During the induction of the 
immune response to myelin proteins, DCs undoubtedly 
induce naive T cell proliferation and polarization. During 
expression of EAE in the CNS after priming, T cells must 
also recognize antigen presented by CNS APCs. CNS 
APCs must upregulate MHC class II, because in the nor- 
mal state they only minimally express it. The regulation of 
expression of the class II transactivator (CIITA) required 
for activation of MHC class II genes was, therefore, stud- 
ied in EAE (340). EAE was induced in C57BL/6 mice by 
immunization with a myelin oligodendrocyte glycoprotein 
peptide (MOG). The DC-specific form of CIITA, but not 
the B cell-specific form, was detected in the CNS of mice 
with acute EAE. DCs were identified by immunostaining 
for CDllc in perivascular and meningeal ceD infiltrates in 
the CNS, and the time course of their appearance was 
compatible for their role in the evolution of the disease. In 
another study of EAE in mice, infiltrating CDllb+ mac- 
rophages and resident microglia were shown to present 
antigens to T cells to stimulate IFN-y production, and 
CDllb- cells were inefficient APCs (164). Interestingly, 
CDllc-}- cells, putatively DCs, were present in the both 
the CD lib 4- and CD lib- populations, but in this study 
comprised only 5 and 4% of the APC populations, respec- 
tively, thus questioning an important role for DCs in the 
effector limb of EAE. In another EAE study, more con- 
vincing evidence that DCs were recruited to the CNS in 
the effector phase of EAE was found (299). After immu- 
nization of mice with a relevant peptide, cells with a 
dendritic shape and expressing the DC markers DEC205 
and CDllc appeared in the spinal cord. During acute, 
chronic, and relapsing stages of the disease, DCs express- 
ing high-density MHC class II and costimulatory mole- 
cules accumulated within the inflammatory cell infiltrates 
in the CNS. MIP-3a, a chemokine known to attract DCs 
and lymphocytes, and the MIP-3a receptor, CCR6, were 
both upregulated in the CNS during the disease. In a 
fourth murine EAE model study, among CDllb+ brain 
cells, significant numbers of cells that exhibited the DC 
marker CDllc were found, constituting up to 30% of the 
total CDllb+ brain cell population (103). The CDllc+ 
cells displayed the surface phenotype of myeloid DCs, 



resided at perivascular and parenchymal inflammatory 
sites, and lacked prominent phagocytic organelles. The 
brain DCs secreted IL-12p70 and were potent stimulators 
of naive and allogeneic T cell proliferation. Both DCs and 
CDllc-negative CDllb+ microglia/macrophages from in- 
flamed brain primed naive T cells from DO 11. 10 TCR 
transgenic mice for production of Thl cytokines, indicat- 
ing that in EAE, DCs do play a role, but not an exclusive 
one, in driving T cell-dependent inflammation. 

2. DCs in immunotherapy of EAE 

DC-based immunotherapy has been proposed as an 
aajunct to conventional therapy in autoimmune diseases 
(reviewed in Ref. 200). In a Lewis rat model of EAE, bone 
marrow-derived DCs pulsed with encephalitogenic myelin 
basic protein peptide and injected subcutaneously before 
immunization prevented the development of EAE (146). 
Tolerance was associated with augmented inducible ni- 
tric oxide synthase (iNOS) expression and NO production 
and an increase in apoptotic cells. To determine the dis- 
tinguishing properties of tolerogenic DCs, the authors 
separated the bone marrow-derived cells into adherent 
and nonadherent populations (386). They found that the 
adherent population was able to mediate tolerance, 
whereas the nonadherent population was not. DC-medi- 
ated tolerance to EAE following inoculation of the adher- 
ent DCs was associated with an increase in NO produc- 
tion, apoptotic cells, and TGF-/3 expressing cells in T cell 
areas of lymph nodes. 

VIII. ROLE OF DENDRITIC CELLS IN 

TRANSPLANTATION WITH THERAPEUTIC 
IMPLICATIONS 

DCs play an essential role in initiating the host-ver- 
sus-graft immune response and ultimately determine or- 
gan graft failure or sustained engraftment (reviewed in 
Refs. 99, 240, 350, 351). DCs also initiate graft-versus-host 
disease (GVHD) by presenting incompatible recipient an- 
tigens to donor T cells after allogeneic bone marrow 
transplantation (114, 243). Current methods used for the 
prevention of GVHD include in vitro T cell depletion of 
the graft and in vivo prophylactic immunosuppression 
(18, 390). This section emphasizes the immunobiology of 
DCs in host-versus-graft recognition rather than GVHD. 

In commonly transplanted organs such as liver, 
heart, kidney, and skin, donor DCs are present as imma- 
ture cells and persist indefinitely in successful liver trans- 
plants (17, 190, 321, 322, 379). Recipient DCs are also 
found infiltrating allografts as part of the inflammatory 
reaction that takes place after the transplantation surgery. 
Both graft-derived "passenger" DCs and graft-infiltrating 
recipient DCs can exert control over the outcome of the 
transplant, leading to acute rejection or acceptance of the 
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allograft (99, 123, 240, 351), Acute rejection of allografts 
occurs because recipient T cells mount a strong specific 
immune response against donor allogeneic antigens, and 
long-term acceptance of allografts occurs because recip- 
ient T cells become tolerant to donor allogeneic antigens 
(350). Donor DCs leave the engrafted organ and migrate 
to draining lymphoid organs where they present alloge- 
neic MHC molecules to recipient T cells (190, 240, 321, 
322). The frequency of allospecific responder T cells to 
donor peptide complexed with donor MHC is high, lead- 
ing to clonal T cell expansion. Recipient DCs that enter 
the graft strongly influence the outcome of the transplant 
by internalizing, processing, and presenting donor anti- 
gens to host T cells. In doing so, recipient DCs present a 
restricted repertoire of immunodominant allogeneic pep- 
tides bound to self-MHC molecules to a low frequency 
(similar to the frequency of T cells responding to nominal 
antigen peptides) of recipient T cells. A source of donor 
antigen is thought to be apoptotic and/or necrotic donor 
cells (111). DCs process donor antigens and present allo- 
geneic peptides bound to both MHC class I (cross-prim- 
ing) and class II molecules for presentation to CD8 and 
CD4 recipient T cells, respectively. Immature DCs employ 
a unique translocator within the endosomal membrane 
that allows endocytosed antigens access to the cytosol 
and to the conventional MHC class I antigen-presenting 
pathway (277). 

The role donor and recipient DCs play in allograft 
rejection seems to depend on the type of organ or tissue 
being transplanted and the experimental animal model 
(123). For example, both donor and recipient DCs are 
involved in acute rejection of skin allografts in rat and 
mouse models (15, 275, 361). In contrast; in rodent mod- 
els, recipient DCs seem to play key roles in the rejection 
of cardiac allografts, while donor DCs appear to be re- 
quired for the induction of tolerance (162, 173, 220). Pre- 
treatment of MHC-disparate recipients with immature 
monocyte-derived donor DCs propagated in the presence 
of GM-CSF resulted in prolonged cardiac allograft sur- 
vival in a rat model (109). Pretreatment of recipients with 
mature DCs before transplantation failed to prolong graft 
survival. The eventual rejection of the allograft in rats 
receiving immature donor DCs was thought to be due to 
the maturation of donor DCs in vivo. 

Early inflammatory events in organ and tissue allo- 
grafts also shape their future. The maturation state and 
ability to secrete IL-12 by graft-derived and recipient in- 
filtrating DCs may be determined by the local microenvi- 
ronment and determines the way responding T cells react 
to the allogeneic antigen. Proinflammatory cytokines re- 
leased locally in the graft could increase expression of 
MHC molecules and costimulatory molecules on graft- 
derived and recipient infiltrating DCs. Death also presents 
a danger signal that programs DCs to mature and secrete 
IL-12. Therefore, both donor and recipient DCs are pro- 



grammed to drive the differentiation of ThO cells to Thl 
cells and to initiate acute rejection. 

However, acute rejection is not always the outcome. 
Successful liver transplantation induces donor-specific 
tolerance across nuyor MHC barriers without prophylac- 
tic immunosuppression (350). The microenvironment in 
the liver dampens the proinflammatory effects of cyto- 
kines released after transplantation. The liver has several 
unique biological features that influence the properties of 
local DCs. First, the liver is a hematopoietic organ capable 
of giving rise to all leukocyte lineages, and after alloge- 
neic liver transplantation, donor hematopoietic cells can 
be propagated in vitro from the bone marrow of recipients 
(213). Second, parenchymal and stromal cells of the liver 
are capable of producing IL-10, TGF-ft and GM-CSF that 
are known to modify the growth and function of DCs 
(168). As discussed, IL-10 reduces expression of MHC 
class II and costimulatory molecules and blocks IL-12 
synthesis by DCs (44, 168, 171). TGF-J3 is a potent immu- 
nosuppressive cytokine that can block DC maturation 
(168, 384). Together, these two cytokines inhibit the mat- 
uration and ILrl2 production of DCs trafficking to recipi- 
ent draining lymph nodes and instead regulate DCs to 
drive the differentiation of ThO cells into Th2 cells and/or 
regulatory T cells that reinforce the state of tolerance 
(99). Under the influence of GM-CSF, graft-derived DCs 
migrate rapidly from the graft to T cell-dependent areas of 
recipient draining lymph nodes to induce allogeneic-spe- 
cific unresponsiveness in recipient murine T cells (211, 
352). A component of immune unresponsiveness seems to 
be activation-induced cell death (AICD) among alloreac- 
tive T cells, critical for the establishment of tolerance to 
allografts (196, 266, 374). T cells undergoing AICD secrete 
large quantities of IL-10 before their death, which may 
affect DC function by inhibiting the expression of MHC 
class II and costimulatory molecules on DCs (113). T cells 
surviving AICD are proposed to be regulatory T cells that 
secrete an unusual combination of cytokines, including 
IL-10 and IFN-y (128, 374). DCs are thought to be impor- 
tant in AICD, because they express members of the TNF 
family known to induce apoptosis, including FasL and 
TRAIL (101, 212). Experimental evidence suggests that 
Fas-FasL interactions are also needed to secure a state of 
tolerance by donor bone marrow in bone marrow trans- 
plantation (118). 

A m^jor goal in transplantation research is to under- 
stand and exploit tolerogenic DCs. Several approaches to 
harnessing the tolerogenic potential of DCs involve ad- 
ministration of immature donor DCs in conjunction with 
molecules that block costimulation, i.e., CTLA4Ig, anti- 
CD40L, ex vivo manipulation of donor-derived DCs to 
generate costimulatory deficient immature DCs (precur- 
sor DCs propagated in the presence of TGF/3), and genetic 
engineering of donor-derived DCs to express immuno- 
regulatory cytokines, i.e., TGF-j3, IL-10, AICD-inducing 



Physiol Rev • vol 82 • January 2002 • www.prv.org 



120 



MARY F, LIPSCOMB AND BARBARA J. MASTEN 



ligands such as FasL, or molecules that interfere with 
costimulatory pathways, i.e., CTLA4Ig, CD40Ig, CTLA4L 
(172, 194, 207-210, 212, 230, 236, 345, 392). In addition, 
bone marrow-derived DCs with reduced allostimulatory 
ability have been generated in vitro using cyclosporin A to 
block the nuclear translocation of the transcription acti- 
vator NFkB, which controls the transcription of genes 
encoding MHC and costimulatory molecules (193). To- 
gether, these studies suggest the feasibility of reducing 
the allostimulatory capacity of donor DCs and, in some 
cases, enhancing their ability to drive Th2 allogeneic re- 
sponses. However, as promising as the therapeutic exploi- 
tation of DCs seems to be, the success of these experi- 
mental DCs in establishing long-term allograft survival, 
indicative of strong tolerance, must still be established. 

IX. ROLE OF DENDRITIC CELLS IN CANCER 
WITH THERAPEUTIC IMPLICATIONS 

The interest in the role of DCs in cancer immunosur- 
veillance and immunotherapy is extraordinary, with over 
1,500 articles listed in a search for articles on DCs and 
cancer, including 300 reviews, since 1992. Neoplastic dis- 
ease represents the escape of cellular growth from normal 
host regulatory mechanisms. Successful cancers are able 
to circumvent the immune system by several mecha- 
nisms, for example, by inducing apoptosis in DCs so that 
they are unavailable to generate a productive immune 
response (96, 97, 354). An important property of tumor 
cells is that they typically do not release danger signals so 
that even if immature DCs take up and process shed 
tumor antigens or apoptotic tumor cells, they may fail to 
mature. Therefore, these DCs would be expected to in- 
duce tolerance rather than productive immunity (312). 
Other tumor escape mechanisms from the immune sys- 
tem have been identified and are described in recent 
reviews in which the possibilities of using genetically 
engineered DCs to enhance host immunity is discussed 
(43, 72, 106). Cancer immunotherapeutic strategies in- 
clude genetic vaccination with DNA encoding tumor spe- 
cific genes and activating host DCs in situ to enhance 
tumor resistance by intratumoral or systemic inoculation 
of DC-mobilizing cytokines such as GM-CSF or Flt3L. One 
of the more interesting approaches, and one being widely 
examined, is to directly load DCs with tumor antigens in 
vitro and then inoculate the DCs into the tumor-bearing 
host. Antigen loading has been achieved using tumor 
peptides or by transfecting with DNA or RNA encoding 
the antigens. Other antigen-loading strategies use apo- 
ptotic tumor cells or antigen-pulsed DC-derived exo- 
somes, which are vesicles that contain high concentra- 
tions of MHC, peptide, and costimulatory molecules. The 
important outcome with all of these techniques is that 
tumor antigens are processed by both the endocytic and 



proteosomal DC pathways and are capable of stimulating 
both- CD4 and CD8 T cells. Other genes have been trans- 
fected into DCs to enhance their immunogenicity by stim- 
ulating expression of costimulatory molecules, enhancing 
cytokine secretion, and inducing apoptosis resisting li- 
gands. 

Clinical trails using DC-based tumor vaccines have 
generally demonstrated relatively few side effects, with 
mild fever being most common (217). One challenge of 
DC-based tumor vaccines is the difficulty of measuring 
that a relevant immune response has been induced. Thus 
one would wish to identify the frequency of tumor-spe- 
cific cytotoxic T cells and tumor-specific CD4 and CD8 T 
cells capable of producing inflammatory cytokines (re- 
viewed in Ref. 296). Another obstacle in the use of tumor 
vaccines, whether DC based or not, is the risk of causing 
autoimmunity against nontumor host cells (214). This side 
effect was described in 1 of 14 volunteers in a melanoma 
vaccine trial in which DCs pulsed with melanoma anti- 
gens caused vitiligo (217). 

Despite the difficulties, efforts continue to perfect 
DC-based antitumor vaccines. Phase I clinical trials have 
established the feasibility of this approach against a num- 
ber of human tumors, including renal cell carcinoma, 
melanoma, prostate carcinoma, cervical carcinoma, 
breast carcinoma, ovarian carcinoma, multiple myeloma, 
and intracranial glial tumors (2, 12, 41, 105, 158, 197, 246, 
353, 356, 358). The success in causing remission in pa- 
tients on these trials has been modest, but the lack of 
success in treating advanced cancer by other modalities is 
also an acknowledged medical challenge. Therefore, it is 
likely that over the next five years or so, for at least some 
tumors, DC vaccines will find a role. 

IX. SUMMARY AND FUTURE DIRECTIONS 

Since the first description of a novel splenic cell by 
Ralph Steinmen in 1973, the understanding of DCs and 
their pivotal role in immune regulation and disease has 
grown exponentially. They are truly nature's most potent 
aajuvant for initiating immunity. Scientists had not antic- 
ipated that these cells would become useful for generat- 
ing productive immunity to control a multiplicity of infec- 
tions and cancer and to induce tolerance for treatment of 
allergic and autoimmune diseases and to prevent trans- 
plant rejection. At least for the foreseeable future, bio- 
medical researchers and vaccine developers will undoubt- 
edly continue to seek ways to exploit their biology for 
these medical indications. 
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